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BIOLOGY II 
The Cell, Reproduction and Development- — 


Biochemistry —— Physiology 


INTRODUCTIO. 


During the middle third of the present 
century, life scientists realized that the 
artificial division of biology into courses 
of study—by means of such taxonomic 
groupings as lower and higher plants, 
microorganisms, invertebrates, and verte- 
brates—served no useful purpose. These 
obsolete curricula have been replaced at 
most colleges and universities by the 
organizational level of study: that is, by 
courses in molecular, cellular, genetic, de- 
velopmental, organismal, population, and 
ecosystem biology. The latter three areas 


are emphasized in Volume 2, whereas 
Volume 3 is concerned with the first five. 

In the context of molecular biology, the 
present volume contains discussions of 
the structure and functions of the pro- 
teins, the nature and activities of en- 
zymes, and the factors that influence the 
catalytic potency of enzymes. Also in- 
cluded are articles on bacterial, plant, 


and animal cycling of carbon and nitro- 
gen to achieve a continuous transforma- 
tion of matter from organic to inorganic 
to organic forms. In addition, the proc- 
esses whereby food polymers (carbohy- 
s, fats, and proteins ) are converted to 


dre 
energy and new protoplasm are described. 
Finally, the composition and methods of 
preservation of milk, an example of a 
fairly complete food, are included. 

In the area of cellular biology, Volume 
3 contains articles on cytologic technique 
(microscopy and ultrathin sectioning), 
cell chemistry, and the structure and func- 
tion of cell organelles. A cell is not merely 
a sack of the several compounds that it 
absorbs from its environment. Rather, 
these compounds are converted to mate- 
rials that serve many functions: energy 
storage, structural components, catalytic 
chemical transformations, and informa- 
tion storage and transfer. The structure 
and functions of DNA and RNA, as well 
as the genetic code, are included with 
material on membranes, mitochondria, 
the endoplasmic reticulum, the Golgi 
apparatus, lysosomes, and centrioles. For 
the cell to survive, each part must func- 
tion in harmony with the other parts. 

In the field of genetic biology, Volume 
3 compares and clarifies mitosis and mei- 
osis. Also included are articles dealing 


with the chemical structure c 
material; the nature of mutatic 
mosomes, linkage and crossing r of 


genes; and Mendel’s laws of inh nee. 
Sex-linked traits, multiple gen ieri- 
tance, epistasis, and penetrance well 
discussed. This section conclud vith 
an article on the problems anc »ce- 


dures in studying human geneti 
In developmental biology, Vo! 3 


contains articles on microbial dif tia- 
tion (the formation of spores, bud ts, 
and medusae ), asexual and sexual ro- 
duction in plants, general animal « y- 
ology, and avian embryology. Of : e 
biological areas, the developmenta! | d 


is one of the most interesting but 
haps the least well understood. W) 
one considers the complexity of an aduh 
organism and recalls that all the organ 
systems—nervous, circulatory, digestive, 


and so forth—have all differentiated anc 


rown from a single cell, the more fa 


nating the embryonic processes becom 
Articles dealing with the area of org 
nismal biology are contained in both Vi 
umes 2 and 3. In the latter are articles 
the tissues and organs responsible for « 
ordination (nervous and hormonal) 


gestion, respiration, circulation, excreti 
and defense against pathogenic mic 
organisms. Each of these organ syste 
has had to overcome difficult physi 
chemical obstacles and to interact h 
moniously with each of the other 
For example, the three ways in whic 


sten 


various kinds of animals have solved th 
problem of ammonia disposal are di 
cussed. Consider also the immense phys- 
ical problems that have been overcome 
by the human circulatory system and the 
extraordinary efficiency of human anti- 
microbial defense tissues in maintaining 
large portions of the body in a germ-free 
state. This section concludes with an in- 
troduction to bionics, the science that 
aims to construct mechanical systems 
based on living systems. Several remark- 
able examples in bionics are described, 
and there is little doubt that, together 
with cybernetics, bionics will become in- 
asingly important in the years ahead. 


Eucrene D. Weinserc, Ph.D. 
Professor of Microbiology, 
Indiana University 


PL ANT TISSUES | the microscopic structure of plants 


One of the most important and most in- are: the vascular tissues that conduct apices of the stems and roots. They also 
teresting features of seed plants is their food, water, and minerals through the are called primary meristems because 
capacity for continuous growth through- plant and contribute to its support; the they are present in the embryo. The zy- 
out their lifetimes. In this way they dif- photosynthetic tissues that manufacture gote, or fertilized egg, from which the 
fer from most animals, which grow to food; the fibers that give additional sup- embryo develops, represents the first 
a characteristic size and then remain at port to the plant; parenchymatous tis- meristematic cell in the life of the new 


that size for the rest of their lives. sues that store food; and the epidermis plant. After the first few cell divisions, 

Growth of plants is accomplished by and cork that surround and protect the the embryo consists of a nearly spherical 
special tissues called meristems. These plant organs. mass of cells; at opposite poles, however, 
are composed of thin-walled, embryonic there are two masses of meristematic 
cells that retain indefinitely their ability APICAL MERISTEMS cells, one representing the young stem 
to divide and produce new cells. Some tip and the other the young root tip. As 


of the new cells continue to function as Stems and roots grow in both length and these continue to function, an elongated 
meristematic cells; others differentiate width. The meristems responsible for in- embryo develops and the cylindrical axis 
into mature tissues with various func- crease in length are called apical meri- of root and stem become evident. It is 
tions. Among the differentiated tissues stems because they are located at the from the apical meristem of the stem that 


PRIMARY TISSUES OF THE STEM—These primary growth or growth in length of the the stem. The xylem cells shown here have 
longitudinal sections through several parts stem. The apical meristem produces proto- annular (ring-shaped) and spiral (actually 
of a stem (illustrations 1a, 1b, and 1c) show derm, procambium, and ground meristem. helical) thickenings. 

how the apical meristem is responsible for From these mature all the primary tissues of 
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all the cells of the stem and its leaves 
ultimately derive, whereas all the cells 
of the root ultimately derive from the 
apical meristem of the root. 


PRIMARY TISSUES OF THE STEM 


The tissues derived from the apical meri- 
stem of the stem are the protoderm, 
which matures into epidermis; the pro- 
cambium, which develops into vascular 
tissues; and the ground meristem, from 
which derive the cortex and pith. 
Epidermal cells form a covering over 
young plant parts. Their outer surfaces 
are covered by cutin, a waxy substance 


TRACHEIDS—Tracheids are xylem cells found 
in all vascular plants. They are cylindrical and 
have tapering ends. Those shown here are 
called pitted tracheids because their cell walls 
are interrupted by circular pits. Illustration 2a 
is a tracheid from white pine (Pinus strobus); 
Mlustration 2b is a tracheid from white oak 
(Quercus alba). 
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VESSEL ELEMENTS—Mature vessel elements 
have no end walls. The lateral walls of these 
vessel elements are pitted. Illustration 3a is 


impermeable to water. Few or no inter- 
cellular spaces exist between epidermal 
cells. These adaptations help to protect 
the plant from water loss and from in- 
vasion by parasites 

The ground meristem matures into 
cortex near the outside of the stem and 
into pith in the center, Both of these 
tissues are parenchymatous—they consis 
of thin-walled, living cells that are iso- 
diametric or nearly so, although in older 
parts of the stem the cells may become 
somewhat clongated. The cells of the 
cortex and pith often store food, but in 
some species the center of the stem char- 
acteristically disintegrates, leaving a hol- 
low pith. 

The procambium exists as strands of 
cells that are casily recognized by their 
elongated shapes, their long axes lying 
parallel to the long axis of the stem, 
Procambium cells mature into primary 
phloem, which conducts food both up- 
ward and downward in the stem, and 
primary xylem, which conducts water 
and minerals upward from the roots. 
Most of the phloem cells are living cells, 
but the conducting cells of the xylem 
are dead when they are functioning. 

Like all cells of seed plants, the xylem 
cells are surrounded by a thin primary 
cell wall. To the inside of this wall is a 
thick secondary cell wall that has char- 
acteristic patterns. In primary xylem it 
often exists as rings (annular thicken- 
ings) or as helices (spiral thickenings). 
The living protoplasm of the procam- 
bium cells forms these secondary cell 
walls; the protoplasm then dies. The 
dead, elongated xylem cells are shaped 
like miniature hollow tubes through 
which water rises. 


a vessel element from box elder (Acer ne- 
gundo); Illustration 3b is a vesse) element 
from white oak (Quercus alba) 

—— | 


Two major types of xylem cells con- 
duct water upward—tracheids and vessel 
elements, Tracheids are present in all 
vascular plants (the ferns and their rela- 


aon ve Gall 


PHLOEM CELLS—Iilustration 4a is « sieve cell 
from the phloem of hemlock (Tsuga canaden- 
sis), a conifer. Illustration 4b is a sieve tube 
element and its companion cells {rom the 
phloem of a flowering plant (Liriodendron sp.). 
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4a 


STRUCTURE OF THE LEAF—The leaf consists 
largely of parenchyma tissue surrounded by 
epidermis. The epidermal cells secrete a cu- 
ticle that greatly reduces water loss from the 
leaf. Photosynthesis occurs mostly in the pal- 
isade parenchyma, which is rich in chloro- 
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plasts, and to a lesser extent in the spongy 
parenchyma which has intercellular spaces in 
which gases diffuse throughout the leaf. 


Carbon dioxide, which is necessary for 
photosynthesis, enters the leaf through the 
stomata in the epidermis. Oxygen, a by-prod- 


upper epidermis 
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bundle 
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intercellular space 
lower epidermis 


cuticle 


toma 
uct of photosynthesis, leaves through the same 
pathway. 

Vascular bundles, through which materials 
are exchanged between the leaf and the stem, 
consist of strands of xylem and phloem sur- 
rounded by a bundle sheath. 


tives and all of the seed plants). Tra- 
cheids are very long cylindrical cells that 
seem almost to taper to a point because 
they have slanted end walls rather than 
horizontal ones. The upper end wall of 
one tracheid matches the lower end wall 
of the tracheid above it; in this way the 
walls form continuous lines of cells ex- 
tending the length of the stem. Water 
passing from one tracheid to another 
must, of course, pass through the end 
walls. 

With a few exceptions, vessel ele- 
ments are found only in flowering plants, 
and they are found in nearly all flower- 
ing plants. Like tracheids, vessel ele- 
ments are cylindrical, but they usually 
are much shorter and wider than the 
tracheids of the same plant. A few are 
so short that they are shorter than they 
are wide. Very young vessel elements 
have end walls, and these usually are 
horizontal, but in more primitive flower- 
ing plants they taper somewhat. As the 
vessel element matures, the end walls 
disintegrate. The vessel elements are ar- 
ranged one above the other in a continu- 
ous line; this creates hollow tubes that 
run the length of the stem. The entire 
tube is called a vessel, and water rising 
through it does not have to pass through 
cross walls. 

The phloem cells that conduct food 
in ferns and conifers are called sieve 
cells, and they resemble tracheids in gen- 
eral shape. They are living cells, how- 


ever, and they have no secondary cell 
walls. In flowering plants, food is con- 
ducted by sieve tube elements, which 
are cells that have cytoplasm but no 
nuclei. Closely associated with sieve tube 
elements are small companion cells that 
have no conducting function; like most 
other living cells, however, they have 
both cytoplasm and nuclei. It is thought 
that the nuclei of the companion cells 
may function for the sieve tube elements 
as well. Sieve tube elements are arranged 
end to end, forming sieve tubes. 

Fibers are dead, thick-walled cells that 
are longer and narrower than tracheids 
and that function as supporting cells. 
They may be present in the cortex, 
phloem, or xylem. 


SECONDARY TISSUES 


Epidermis, cortex, primary phloem, pri- 
mary xylem, and pith are the only tissues 
present in the stems of most annual 
plants (those that live only one season). 
Biennial plants (those that live two 
years) and perennial plants (those that 
live more than two years) grow in width 
by the action of a cambium. The vascular 
cambium arises between the primary 
phloem and the primary xylem, and it 
produces great quantities of secondary 
xylem and smaller amounts of secondary 
phloem. Secondary xylem is the wood, 
which accounts for nearly all of the 
volume of an old stem. 


In most perennial plants a cork cam- 
bium arises beneath the epidermis; the 
cork cambium produces cork, the outer- 
most tissue of the bark. 

The vascular cambium and the cork 
cambium are called secondary meristems 
(because they develop later than the pri- 
mary meristems) and lateral meristems 
(because of their position in the plant). 
The tissues they produce are called sec- 
ondary 


issues. 
LEAVES 


Leaves arise as small swellings called 
leaf primordia that develop from the 
sides of the stem immediately below the 
apex. The center of the leaf consists of 
mesophyll, which is mostly parenchyma- 
tous tissue. The cells are rich in chloro- 
plasts, in which the plant manufactures 
food by photosynthesis. Ramifying 
through the leaf are vascular bundles 
with xylem, which brings water and 
minerals from the stem, and phloem, 
which removes food from the leaf. The 
entire leaf is surrounded by epidermis, 
which is punctuated occasionally by 
openings called stomata. Through the 
stomata, the carbon dioxide that is neces- 
sary for photosynthesis enters the leaf, 
and the oxygen that is produced by pho- 
tosynthesis leaves the leaf. 

With few exceptions, a leaf will live for 
only one growing season, and it will con- 
sist of only primary tissues. 
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STEMS AND ROOTS | the ordered complexity of seed plants 


About 250,000 known species of seed 
plants live on the Earth. From dandelion 
to redwood and from orchid to cattail, 
they vary greatly in their size and their 
form. The tissues of which they are made 
are remarkably similar, however, and the 
distribution of these tissues within stems 
and roots follows only a few fundamental 
patterns. Three major plant groups are 
considered in this article: the monocots 
and dicots, both of which are angio- 
sperms (flowering plants), and the con- 
ifers, which comprise one of the two 
major groups of gymnosperms. 


MONOCOTS 


Cross sections of monocot stems are eas- 
ily recognized by the arrangement of 
vascular bundles. The bundles are scat- 
tered throughout the stem, although they 
tend to be more concentrated near the 
outside of the stem than at the center, 
and some monocot stems have large, hol- 
low centers. Each vascular bundle con- 
tains both xylem and phloem surrounded 
by a bundle sheath. The xylem and 
phloem of a bundle lie on the same 
radius, the xylem closest to the center 
of the stem. The vascular bundles lie in 
parenchyma tissue, and the outermost 
tissue of the stem is the epidermis. 

By contrast, monocot roots have no 
scattered arrangement of vascular tissue. 
The centers of the roots are occupied by 
pith that is surrounded by about a dozen 
or more strands of xylem. To the outside 
of the xylem lie strands of phloem. Unlike 
the xylem and phloem of the stem, the 
tissues in the root lie on alternate radii. 
Surrounding the phloem is a single layer 
of pericycle, and beyond this is a single 
layer of endodermis. The pericycle pro- 
duces branch roots, and the endodermis 
regulates the kinds and amounts of dis- 
solved materials that enter the xylem in 
the water absorbed by the root. Beyond 
the endodermis is a relatively wide layer 
of cortical cells. Both the cortex and the 
pith store food. The outermost layer of 
the root is a single layer of epidermal 
cells. 

Most monocots are annual plants with 
only primary tissues. They have no cam- 
bium and no secondary growth. 


DICOT STEMS 


The stems of annual dicots and the young 
stems of biennial and perennial dicots 
have the same tissues as those of mono- 
cots. They differ primarily in the ar- 


rangement of the vascular bundles, 
which usually are confined to a single 
ring near the outside of the stem. The 
portion of the stem inside the ring of 
vascular bundles is occupied by pith, 
while the portion outside the ring is oc- 
cupied by cortex and a single layer of 
epidermal cells. All of these are primary 
tissues. 

In stems that live more than one grow- 
ing season, a single layer of peristematic 
cells—a layer known as vascular cambium 
—lies between the primary xylem and pri- 
mary phloem in the vascular bundles and 
between the pith and cortex. When vas- 
cular cambium cells divide, they pro- 
duce secondary xylem cells and second- 
ary phloem cells, Ordinarily much more 
secondary xylem is formed than second- 


MONOCOT STEM—This cross section of a 
corn (Zea mays) stem (Illustration 1a) shows 
the scattered arrangement of vascular bundles 
that is typical of monocot stems. Illustration 
1b shows that each vascular bundle contains 


ary phloem. Secondary xylem co: 
the wood of trees and shrubs, :¿ 
ondary phloem comprises soni: 


bark. 

Five types of xylem cells exist 
sperm wood. Two of them core 
vertically in the stem and con 
the strength of the stem. Trac 
vessel elements are thick-wal! 
tional, nonliving cells. They ar: 
cal and the tracheids are lo 
narrower than the vessel elk 
third type of thick-walled non! 
is the xylem fiber. Superficial! 
bles the tracheid, but it is some 
rower and longer. It does not 


water; its function is that of str 


ing the stem. Xylem rays consis 
walled, living cells that condu 


both primary phloem and primary x 
rounded by a bundle sheath. The ph 
tains sieve tube elements accom 
smaller companion cells. The xylem 
large vessel elements and smaller 
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laterally through the wood. Xylem pa- 
renchyma cells are also thin-walled, liv- 
ing cells that store food in the xylem. 
The sizes of the various cells of the 
wood depend in part on the time of the 
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MONOCOT ROOT—Corn (Zea mays) 
has the typical anatomy of a mono- 
cot root. The center is occupied by 
pith. Around the pith are several 
groups of primary xylem cells; the 
first of these to differentiate are 
called protoxylem, and the last to 
differentiate are called metaxylem. 
The primary phloem consist of 
groups of very small cells alternat- 
ing with the groups of primary xylem 
cells. The pericycle appears as an 
inconspicuous circle of very small 
cells, but immediately beyond it is 
the endodermis, the cells of which 
have extremely thick walls on their 
inner and lateral walls. A large cor- 
tex surrounds the endodermis; most 
of the cortex and the epidermis are 
not shown here. 


year in which they were formed. The 
vascular cambium lays down large cells 
in spring and smaller cells in summer. 
During the growing season the size of 
successively formed xylem cells gradually 


epidermis 


cortex 


primary xylem 


pith 


primary phloem 


decreases. During the winter the cam- 
bium is dormant, and no new xylem cells 
are formed. Activity is renewed the fol- 
lowing spring. Because of this, growth 
rings are visible in the wood. A good 
estimate of the age of the tree can be 
made by counting the number of growth 
rings in the wood at the base of a tree 
trunk, 

Angiosperms possess five types of 
phloem cells. The only one that trans- 
ports food vertically in the stem is the 
sieve tube element, a living cell that has 
lost its nucleus. The sieve tube element 
is closely associated with small compan- 
ion cells that have nuclei believed to 
regulate activities of the sieve tube ele- 
ment cytoplasm. Phloem rays conduct 
food laterally and they are continuous, 
through the cambium, with the xylem 
rays. 

Phloem parenchyma cells and phloem 
fibers resemble their counterparts in the 
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secondary phloem 
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DICOT STEM WITH PRIMARY GROWTH— 
This cross section of a sunflower (Helian- 
thus) stem (Illustration 3a) shows a single 
ting of vascular bundles, each of which 
consists of primary xylem and primary 
phloem. This slightly older sunflower stem 
(Illustration 3b) has a small amount of 
secondary xylem and secondary phloem 
produced by the vascular cambium. 


vascular bundle 
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DICOT STEM WITH SECONDARY GROWTH— 
This is a cross section of a young elder (Sam- 
bucus) stem with its first year of secondary 
growth. (1) Crushed epidermis that would 
slough off in a slightly older stem; (2) cork; (3) 
cambium; (4) cortex; (5) Primary phloem with 


thick-walled phloem fibers; (6) secondary 
Phloem; (7) vascular cambium; (8) secondary 
xylem; (9) pith; (10) metaxylem and (11) pro- 
toxylem of the primary xylem. 


CS 


xylem. With the exception of the phloem 
fibers, all phloem cells are thin-walled, 
living cells, 

A second cambium, the cork cambium, 
forms in the outer part of the cortex of 
the stem. This cambium is the source 
of cork, which is another secondary tis- 
sue, As more and more cork is produced, 
the epidermis is forced off, and the cork 
becomes the outermost tissue of older 
stems. The cell walls contain suberin, a 
substance impermeable to water that 
prevents excessive loss of water from the 
stem. 

Bark consists of all the tissues lying 
outside the vascular cambium. It includes 
secondary phloem, primary phloem, cor- 
tex, cork cambium, and cork. In some 
cases, the primary phloem and the cortex 
become crushed and are not readily 
distinguishable. 


DICOT ROOTS 


The roots of annual dicots and the young 
roots of biennial and perennial dicots 
differ from those of monocots in only a 
few ways. They lack a pith, and the cen- 
ter of the root is occupied by a central 
core of primary xylem. In cross section, 
the primary xylem appears to be star- 
shaped, usually with not more than five 
or six arms to the star. Occasionally there 
may be as few as three or even two arms. 
The number of strands of primary 
phloem is the same as the number of 
arms possessed by the xylem, and the 
strands alternate in position with the 
arms. 

Secondary growth of a dicot root oc- 
curs by means of vascular cambium 
and cork cambium. The vascular cam- 


bium arises between the primary xylem 
and primary phloem and functions as it 
does in the stem. The cork cambium 
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DICOT ROOT WITH PRIMARY GROWTH—A 
buttercup (Ranunculus) root (Illustration 5a) 
consists mostly of cortex. The center is oc- 
cupied by a vascular cylinder, and an epider- 
mis surrounds the cortex. The vascular cylin- 
der (Illustration 5b) contains a central core of 
primary xylem that appears star-shaped in a 


arises from the pericycle. Because this, 
the formation of more and more cork 
pushes the endodermis, cortex, epi- 
dermis outward, and they soon © and 
disintegrate. As in the stem, be- 
comes the outermost tissue. 
CONIFERS 

The growth of conifer stems cots 
and the arrangement of their s is 
much the same as that of stems oots 
of dicots. One major differen that 
conifer stems and roots have f pes 
of xylem cells and phloem cell rv- 
ing the absence of vessels is an vay 
to distinguish between dicot an fer, 
cross section. The xylem cells are |: \ick- 
walled, and empty. Between the rays 3 Xy- 
lem are the groups of primary p! with 
smaller, thin-walled, living cells. A r of 
pericycle and another of endodermi: und 
the xylem and phloem. Most of ti tical 


cells store starch grains. 
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TRANSVERSE SECTION 
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DICOT WOOD—This drawing is a three-dimen- 
sional representation of a minute, magnified 
portion of the secondary xylem of oak (Quer- 
cus). The upper surface is a cross section cut 
at right angles to the long axis of the stem. 
The radial and tangential sections are longi- 
tudinal sections cut parallel with the long 
axis of the stem. The radial section coincides 
with a radius of the stem, and the tangential 
section is perpendicular to the radius. 

The long axes of most xylem cells coincide 
with the long axis of the stem, but the axes 
of the ray cells are horizontal. The vessels of 
oak are so large that they can be seen by 
the unaided eye. Each vessel is a series of 
vessel elements, the end walls of which have 
disintegrated. 

A indicates the vessels; a pits in walls of 
vessel elements; b remnants of the end walls 
of vessel elements; B tracheids; ¢ pits in walls 
of tracheids; C xylem fibers; d pits in walls of 
fibers; D xylem parenchyma; E xylem rays. 


CONIFER STEM—Shown is a three-dimen- in walls of tracheid; B xylem ray; C resin ca- 
sional representation of a portion of pine nals; D vascular cambium; E sieve cells; b 
(Pinus) stem with both secondary xylem and sieve area in wall of sieve cell. The xylem ray 
secondary phloem. The wood is much simpler along the radial surface is continuous with the 
than that of a dicot. A shows tracheids; a pits phloem ray on the other side of the cambium. 
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CROSS SECTION OF CONIFER WOOD—A 
growth ring and parts of two other rings are 
shown in this cross section of the wood of 
hemlock (Tsuga canadensis). The cells pro- 
duced each spring are large and have moder- 
ately thick walls. Cells formed late in the 
growing season are very small and have thick 
cell walls; the hollow spaces in these cells are 


very small. TANGENTIAL SECTION 


14 


MILK 


The only food that newbom mammals 
get is milk. This fact alone suggests that 
milk is a complete food—at least for 
young mammals—and that it is the most 
suitable source of all the nutritional ele- 


ments needed during the phase of rapid 
1 


RATE OF GROWTH OF SOME MAMMALS— 
Milk constitutes the only source of nourish- 
ment for very young mammals and furnishes 
them with all necessary nutrients during the 
phase of intense growth that follows birth. The 
illustration shows variations in the time neces- 
sary for some mammals to double their size 
from time of birth. In general, the growth rate 
is correlated with the concentration of nutri- 
tional elements contained in milk, especially 
with its protein and calcium salt content, In 
the milk of rabbits, which grow very rapidly, 
the concentration of protein is 10.4 percent 
and that of calcium salts 0.891 percent. In 
dog milk these values are 7.4 percent and 
0.45 percent, respectively; in cat milk, 7.0 
percent and 0.24 percent; and in cow's milk, 
3.5 percent and 0.16 percent. 

Man, by contrast, has a very slow rate of 
growth. A baby doubles its weight in 180 days. 
Human milk contains proteins and calcium 
salts in concentrations of 1.4 percent and 
0.003 percent respectively. 


a complete food 


growth that follows birth. The secretion 
of milk by the mother's mammary glands 
continues until her young are capable of 
obtaining their own food. 

The chemical composition of milk pro- 
duced by each species of mammal and 


the length of time it is secreted are cor- 


related with the rate of growt of the 
young animals and with how uickly 
they mature and become capab find- 
ing other food that they can and 
assimilate. Illustration 1 sho hat in 
species with the most rapid gr rates, 
the concentration of nutrient: nilk is 
highest. Among these valuabi; trients 


are proteins and mineral salts 


TABLE 2 


AVERAGE CHEMICAL COMPOSITION, BY PERCENT, 
OF HUMAN MILK AND MILK OF VARIOUS ANIMALS 


proteins 
solid specific 
milk water residue total caseinogen albumin lipids sugars ash gravity 
proteins 
himan.. 7.7 87.4 12.6 14 - - 3.3 6.3 0.24 1.03 
COW.» 1c Genk aes 87.0 13.0 3.5 2.72 0.79 4.0 48 0.7 1.03 
donkey? ss eae 86.64 10.36 2.22 0.67 1.55 1.64 5.99 0.51 1.036 
goatse sT oaa 85.71 14.29 - 3.20 1.09 4.78 4.56 0.76 1.0305 
SHEED: e sas ain 80.82 19.18 6.52 4.97 1.55 6.86 4.91 0.89 1.0298 
boffalo se sean 81.62 18.38 4.19 - - 7.85 46 0.79 - 
horse. ==. s Gyan 90.78 9.22 2.44 1.24 0.75 1.21 5.67 0.35 1.0347 
camel, a e wes - - 4.0 = — 3.1 5.6 0.8 - 
reindeer . . = =o - _ 10.4 8.4 2.0 17.1 2.8 15 - 
pig: ai = See - - 5.3 3.8 15 9.5 3.3 0.81 - 
dogo ae oe memes - - 74 48 2.6 11.6 3.2 13 - 
Cat! ts ee. hae - - 7.0 3.7 3.3 48 48 1.0 - 
rabbit cy. esate - - 10.4 8.2 2.2 16.7 2.0 2.5 - 
tates EEA 54.4 45.6 10.1 - - 315 2.4 16 - 
squalene wax free fatty 
acids 


THE COMPOSITION OF THE LIPIDS IN MILK 
—In Illustration 3a, the yellow portion repre- 
sents the quantity of fats (triglycerides) that 
constitute the greater part of the lipids in milk 
(98-99 percent). These triglycerides are made 
up of an average of 42.5 percent olein, 50 
percent stearin and palmitin, and 7.5 percent 
butyrin, caproin, etc. The brown portion rep- 
resents the remaining lipids and is enlarged in 
Illustration 3b. This group contains five differ- 
ent substances present in small percentages 
or only in traces; these are listed in Table 4. 


TABLE 4 


THE COMPOSITION OF 
THE LIPIDS IN MILK 
triglycerides 98-99 
phospholipids 0.2-1.0 


sterols 0.2-0.4 
free fatty acids traces 
ash traces 
squalene traces 
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Because of its rich chemical composi- 
tion, milk is a nutritious food not only 
for babies, but for people of all ages. 
Since ancient times man has taken ad- 


TABLE 5 


THE COMPOSITION, BY PERCENT, OF 
NITROGENOUS SUBSTANCES IN MILK 


vantage of the natural phenomenon of 
lactation by utilizing the milk of his do- 


mestic animals. He developed in the fe- 
males of these animals a tendency to 95 z 
F 5 protein 
produce more milk than was necessary | 
for the needs of their young. Such care- | 


| 


5 nonproteiy 


imals whose milk production is remark- 
able. Although the goat is capable of 
producing proportionally more milk for 
its size than any other animal, cow’s 


ful breeding has resulted in domestic an- | 


78.5 
casein 


9.2 
lactalbumin 


TABLE 6 


COMPARISON BETWEEN THE ESSENTIAL AMINO ACID 
CONTENT OF PROTEINS RECOMMENDED BY FAO 
AND THAT OF COW'S MILK 


g amino acids per 100 g 
of protein 


FAO cow's 

recommendation milk 

isoleucine 4.2 6.4 
leucine 48 9.9 
lysine 42 78 
phenylalanine 28 4.9 
sulfur-containing amino { total 4.2 3.3 
acids | methionine 2.2 24 
threonine 2.8 46 
tryptophan 14 14 
valine 4.2 69 


TABLE 7 


VITAMINS IN MILK 


Fat-soluble vitamins 


MacRae ts Asis unde ty: ex sal ane 20 IU/g of fat 
9 mg/g of fat 
CAPOLENO owes Tor a T a Oy 5 mg/g of fat 
Vitamin swe eet eh. ee a a 1 IU/g of fat 
vitamin E (tocopherol). . . 2... . 28 mg/g of fat 
VitAIning Keres war sera ec ou) 2 25 Dam-Glavid units/g of fat 


Water-soluble vitamins per 100 ce of milk _ 


2 mg/ 100 ce 


ascorbic acid (vitamin C) 


E r es Eee. 8 ae ee 3.5 g/100 cc 
Choline: Sass Akee “Se bees ey 13 mg/100 ce 
fohezadd wines sel, Ni Timea 2 0.8 g/100 cc 
total sinositol..-rsicyey ra a A Ra aa 13 mg/100 ce 
nicotinic acid (niacin) ........~. 85 pg/100 cc 
pantothenic acid (Vitamin By)... .. 400 ug/100 cc 
pyridoxine Er EEE T. canner 37 pg/100 ce 
total riboflavin (vitamin Bə) . . ... . 139 xg/100 cc 
total thiamine (vitamin B;) .. ..... 42 pug/100 cc 
vin Bien ETE sek de a, S 0.3 xg/100 ce 


1 ag = 1 millionth of a gram 


| 
| | 
3.3 4.0 


lactoglobulin ptone 


milk is more widely used 

world. Table 2 shows thi 
ferences in the chemical « 
the milk of several anima! 
ences are especially int 
compared to the composit 
milk. 


ughout the 
incipal dif- 
‘position of 
hese differ- 
ing when 
of human 


COW'S MILK 


Cow's milk, because of wide use, 


merits a detailed descriptio a terms of 
physical properties and « ical com- 
position. Its physical prop vs include 
its density, which at 15° C F) is be- 
tween 1,029-1.033; its fr ig point, 
which is 0.546° C (about 3 ); and its 
PH, which, at 6.60, is near! tral, 
The principal chemical « tuents of 
milk are water, proteins, ars, fats, 
mineral salts, and vitamin he water 
content varies between 87 91 per- 
cent; the remaining substa are dis- 
solved in the water or exis minute 


particles in suspension. 
FATS 


Milk contains about 4 percent fat in a 
state of fine emulsion; that is, in the form 
of minute particles, each having a diam- 
eter of 3-5 um (about .00012-.0002 in.). 
Each milliliter of milk contains from 2 
to 6 million of these particles. Fats rise 
to the surface of standing milk, forming 
cream. Once cream is formed, the fat can 
be homogenized with the milk by plac- 
ing it under a pressure of 200-250 kg/cm? 
(about 2,840 to 3,560 psi) after pre- 
heating it to 40-50° C (104-122° F), The 
fat particles become evenly dispersed 
throughout the milk. After homogeniza- 
tion, milk can no longer be separated to 
form cream and thus has a more stable 
composition than whole milk. It is also 
more appetizing and digestible. 


The fats that rise to the surface of 
whole milk can be separated by centrif- 
ugation to produce skim milk, which con- 
tains only 1.1 percent fat. By subjecting 
the milk to further centrifugation, an al- 
most completely fat-free milk can be 
obtained, with cream as a by-product. 
Butter is obtained from the cream by 
eating it and working it by hand or 

ith special machines. It contains up to 

’ percent fat and no more than 16 per- 

nt water. 

Milk fats are composed mainly of tri- 

‘ycerides (olein, palmitin, stearin, and 

atyrin) and large quantities of short- 


ee E a O EE 


MINERAL CONTENT, BY PERCENT, IN THE MILK OF HUMANS AND VARIOUS ANIMALS 


tant protein (it occurs in milk at a con- 
centration of about 3.5 percent), is linked 
to notable quantities of phosphoric acid 
and calcium. Casein contains all the 
amino acids necessary to the develop- 
ment of the newborn. The coagulation of 
casein occurs only at a temperature of 
95 to 100°C (203 to 212° F). For this 
reason, pasteurization, which is accom- 
plished at 61.7°C (143°F), does not 
cause visible changes in milk. The other 
proteins in milk coagulate at 70 to 80° C 
(158 to 176° F). 

Nutritionally, the amino acids in milk 
proteins are important because the nu- 


TABLE 8 


the mother’s blood and stored in its own 
liver, Adults require other foods to ob- 
tain enough iron for their needs. 

Milk is a good source of vitamins A 
and D, which are extremely important 
factors in normal growth, and of vitamin 
C and the B complex vitamins. 


PROCESSING OF MILK 


Pasteurization is a relatively mild heat 
treatment that destroys any pathogenic 
microorganisms present in milk. It pre- 
serves milk for only a few days, but it 
causes little change in its flavor or other 


sodium iron calcium magnesium phosphoric 

milk potassium oxide chlorine oxide oxide oxide anhydride 
oxide (K:O) (Na.O) (Cl) (Fe:O:) (CaO) (MgO) (POs) 
human ee) nem ana 0.0795 0.0253 0.0468 0.0008 0.0489 0.0065 0.0585 
dog Sern iaa 0.1382 0.0779 0.1656 0.0020 0.4545 0.0195 0.5078 
pia ea eaa 0.0945 0.0776 0.0756 0.0040 0.2489 0.0157 0.3078 
SKEDA ein 0.0967 0.0864 0.1297 0.0041 0.2453 0.0148 0.2928 
goab a S e a a 0.1302 0.0617 0.1019 0.0036 0.1974 0.0154 0.2840 
COW! © Grasp af uei 0.1776 0.0972 0.1368 0.0021 0.1671 0.0231 0.1911 
horso r iss 6 tee 0.1050 0.0140 0.0310 0.0020 0.1240 0.0130 0.1310 
rabbit. R a 0.2516 0.1980 0.1355 0.0020 0.8914 0.0552 0.9966 


un fatty acids (butyric, caproic, 
orylic, and capric acid). Among other 
substances, milk contains phospho- 
ids (lecithin and cephalin) and sterols 

-hydrocholesterol and ergosterol, or 
vitamin D). 


IGARS 


e sugar in cow's milk consists almost 
iclusively of lactose, and its concentra- 
tion averages 4.8 percent. This sugar 
scems to be formed from glucose in the 
cells of the mammary glands of the cow. 
Lactose is subject to changes when milk 
is stored, When acted on by the lactic 
acid bacteria, lactose is transformed into 
lactic acid, which causes the milk to sour 
and to curdle. 


PROTEINS 


From the physiological point of view, 
proteins are one of the most important 
substances in milk. The proteins in milk 
are casein, lactalbumin, lactoglobulin, 
and small quantities of peptone. Casein, 
which is quantitatively the most impor- 


tritional value of the proteins is directly 
related to the amino acids that constitute 
them. Table 6 compares the amino acids 
of cow’s milk with the amino acids con- 
sidered necessary for an adequate human 
diet by the Food and Agriculture Orga- 
nization of the United Nations. The table 
shows clearly that, with the exception of 
tryptophan, the proteins in cow's milk are 
extremely rich in essential amino acids 
(which cannot be synthesized by the 
human body). 


MINERALS AND VITAMINS 


Mineral salts are abundant in milk (0.7 
percent), and it is interesting to note 
that they are found in various types of 
milk in the same proportion as in the 
bodies of the animals nourished by it. 
Potassium and calcium phosphates are 
especially important, the first for build- 
ing muscles and the second for building 
bones, both intensely active processes in 
young individuals. Milk contains rela- 
tively little iron, but this is of little im- 
portance because the animal is born with 
an abundant iron reserve acquired from 


characteristics. Sterilization, desiccation, 
evaporation, and condensation preserve 
milk for practically unlimited periods of 
time; but they modify its physical prop- 
erties and chemical composition. A new 
process has recently been added to these 
now-conventional methods. It is steriliza- 
tion by means of a brief exposure to 
steam at 160-170° C (320-338° F), and 
the process preserves all the properties 
of milk. 

Since the availability of pasteurized 
milk, home processing by boiling is rare. 
Furthermore, prolonged exposure to high 
temperatures somewhat diminishes the 
biological value of milk. 

TABLE 9 


BIOLOGICAL VALUE OF 
PROTEINS IN RAW MILK AND 
VARIOUSLY TREATED MILK 


raw 


pasteurized 

sweet condensed 

powdered (spray method) 
powdered (cylinder method) 
sterilized 
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ASEXUAL REPRODUCTION | 


Asexual reproduction, the production of 
new individuals from only one parent, 
occurs in both the animal and the plant 
kingdoms. It is most common among 
the simpler animals and plants. With 
the exception of the blue-green algae 
and many of the bacteria, most orga- 
nisms that reproduce asexually are also 
capable of sexual reproduction. The 
most highly evolved animals, such as 
mammals, birds, and other vertebrates, 
do not reproduce asexually. 

1 


NOSTOC—The blue algae are unicellular, fil- 
amentous, or colonial forms. Nostoc is fila- 
mentous, and the filaments often exist in 
larger colonies embedded in a gelatinous 
mass. Reproduction is by cell division and by 
fragments and colonies. 


eS a 

No meiosis, no gametes, and no new 
genetic combinations are involved in 
asexual reproduction. The offspring are 
genetically identical with their single 
parent. Asexual reproduction alone can 
be of disadvantage to a species, for un- 
like sexual reproduction, it does not 
produce new genetic combinations that 
often are necessary for the survival of a 
species, especially if the environment 
should change greatly. However, if su- 
perior genotypes already exist, asexual 
reproduction can ensure the rapid multi- 
plication of individuals with these geno- 


types. All of the asexually produced 
descendants of a single individual are 
genetically alike, and they constitute a 
clone. 

Asexual reproduction by unicellular 
organisms occurs simply by cell division, 
which may be by fission, by budding, or 
by the production of special asexual 
spores. Among multicellular organisms, 
there may be budding, fragmentation, or 
the production of special cells such as 
asexual spores. 


BACTERIA—Bacteria (Illustration 2a) repro- 
duce mostly by fission, and they reproduce 
very rapidly. Within a few hours a single bac- 
terium can give rise to a large colony. Illustra- 
tion 2b shows a streptococcus, a chain of 
spherical bacteria. 


2b 


reproduction from 
a single porent 


FISSION 


Fission is the division « 
into two daughter cells « 
occurs by mitotic cell d 
of the unicellular proto 
fungi that have discrete r 
fission is also applied to | 


parent cel] 
jual size, It 
ns in most 
algae, and 
. The term 
ell division 


of unicellular blue-green e and bac- 
teria, neither of which s discrete 
nuclei, In either case, th » daughter 


cells may separate from « 
3 


other im- 


FISSION—Many unicellular c sms repro- 
duce by fission—the divisio 3 cell into 
two equal daughter cells. T! istration is 
an electron micrograph of ba cells that 
remained united after fission organisms 
sometimes result from delaye arations. 
a 

mediately after division, a ad inde- 
pendent lives. Sometimes aration is 
delayed until after the two daughter 
cells themselves have dividsd, and this 
leads to two-celled individuals. If sepa- 


ration is delayed until after several divi- 
sions have occurred, multicellular orga- 
nisms result. 


BUDDING 


Budding of various kinds occurs among 
diverse types of organisms. In yeasts, 
which are unicellular fungi, budding is 
a type of cell division in which a daugh- 
ter cell originates as a small bud at the 
side of the parent cell. The nucleus of 
the parent cell divides, one of the result- 
ing nuclei remaining near the center of 


he parent cell, and the other moving 
vard the cell wall. Here a small bulge 
bud appears, and the nucleus mi- 
tes into it. The bud increases in size, 
l a cell wall forms between the bud 
d the parent cell. The two cells may 
parate before or after the bud reaches 
size of the parent cell. In some cases 
parent cell may have two or more 
ils on it, or a partially developed bud 
y begin to form its own buds before 
eparates from the parent cell. 
\mong the liverworts, special multi- 
lular buds called gemmae form on the 
ace of the parent plant. The gemmae 
compact structures that do not look 
miniature versions of the adult plant. 
v become detached from the parent, 
| if they land in a favorable environ- 
it, they germinate, eventually form- 
an adult plant. 
\nother form of budding is found in 
eral animals of the phylum Coelenter- 
ı Hydra is a relatively simple animal 
vith a hollow, cylindrical body. At one 
cad is a mouth surrounded by several 
tentacles that capture food. Occasionally 
a bud appears as a small mound on the 
side of an animal; the bud develops its 
own mouth and tentacles. While the 
new animal is still small, its central cav- 
ity is continuous with that of the parent 
animal. Later, tissue grows across the 
opening, and the bud separates from the 
parent and leads a separate existence. 
Strobilization is a form of budding 
exhibited by some jellyfish which also 


are coelenterates. Fertilized eggs develop 
into larvae that swim about for a while 
and then settle down onto a solid sub- 
strate. Here each larva develops into a 
polyp which resembles a hydra. From 
the polyp buds off a series of medusae or 
jellyfish which are the mature sexual 
stage in the life cycle (see illustration on 
p. 21). Before they are released, the sev- 
eral medusae together resemble the cone 
or strobilus of a pine tree. 


FRAGMENTATION 


The breaking of a multicellular organism 
into two parts of equal or unequal size 
produces two new individuals. Many of 
the filamentous and colonial algae re- 
produce this way, the fragments con- 
tinuing to grow by the division of their 
cells. Flatworms are relatively simple 
animals, and some of them divide into 
parts, each part regenerating the missing 
part and developing into a complete 
individual. 

Some ferns, grasses, and other plants 
have horizontal stems called rhizomes if 
they grow beneath the ground or stolons 
if they grow on or above the surface of 
the ground. From these stems develop 
leaves or aerial stems that grow verti- 
cally above the ground. As the rhizomes 
and stolons continue to elongate hori- 
zontally, they also branch. At this point, 
the older parts die back and the plants 
fragment into separate plants at the points 
of branching. 


STOLONS OF THE STRAWBERRY—This plant 
(Fragaria vesca) has very long, thin stems 
called stolons that grow horizontally over the 
surface of the ground, putting forth adventi- 
tious roots and generating new individuals. 


Some economically important plants 
are propagated regularly by some type 
of fragmentation. Potato tubers, which 
are enlarged portions of rhizomes, are 
broken into several portions that are 
planted separately. As long as each piece 
has a healthy bud, a new plant develops. 
Some varieties of fruit trees, like Deli- 
cious apples or nectarines, are propa- 
gated only by grafting, which utilizes 
fragmentation. 


ASEXUAL SPORES 


Many algae and fungi produce asexual 
spores, special cells that are the result 
of mitotic divisions, and that have, there- 
fore, the same number of chromosomes 
as the parent plant. (These spores should 
not be confused with sexual spores, 
which are produced by meiotic divisions. 
Sexual spores are a part of the sexual life 
cycle. ) 

Zoospores are one common type of 
spore produced by some terrestrial fungi 
and many aquatic fungi (Saprolegnia, 
for example). Zoospores are motile by 
means of one or more flagella with 
which they swim through water. 

The blue-green conidiospores of Peni- 
cillium and the pink conidiospores of 
Neurospora give these bread molds their 
color because the nonreproductive por- 
tions have no pigment. The nonmotile 
conidiospores are produced in tremen- 
dous quantities, are disseminated by the 
wind, and are resistant to drying. 
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DIRECT DIVISION OF A © \CTERIUM—iilys- 
tration 5 shows the stages ò bacterial division, 
A resting, spherical cell è  scomes elongati 

preceding division b, inc ng the nucle 
Next, the nucleus pinch to two c T 
daughter cells d are forr vy the pinchi 
in two of the parent cel! daughter cell 
e resemble the parent c 


BUDDING—Asexual reproc. n of yeasts, 
which are unicellular plants gins with the 
formation of a bud at the su + of the parent 
cell. The nucleus divides, : one daughter 
nucleus moves into the bud bud enlarges 
and eventually detaches fror © parent cell, 


MEDUSA—The free-swimming |>\yfish, or me- 
dusae, live independently. A .oung medusa 
that has recently been released is called an 
ephyra. (34 X) 


YF 
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DEVELOPMENT OF JELLYFISH—A swimming 
larva or planula a attaches to a substrate b 
and forms a polyp c. By a process called 
strobilization d,e, each polyp forms a series of 
immature jellyfish. 
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THE FAMILY TREE 


The study of human genetics is more dif- 
ficult than the study of the genetics of 
many plants and animals. The genera- 
tion time of humans is too long to per- 
mit the genetic analysis of more than a 
few generations in one family, for a ge- 
neticist does not live long enough to 
observe many generations, and few per- 
sons know the colors of their great grand- 
parents’ hair or eyes or what diseases 
they suffered. Furthermore, it is impos- 
sible to make the experimental crosses 
that geneticists make with other orga- 
nisms. Most families are too small to lend 
themselves to statistical analysis al- 
though it is possible to pool information 
from many families. In spite of the diffi- 
culties, a good deal of knowledge about 
human genetics has been gained. 

The starting point of genetic research 
is the determination of whether or not 
the characteristic under study is hered- 
itary. The tendency of some traits to 
run in families suggests that they are 
hereditary, but they may well be caused 
by environmental factors that are intro- 
duced by family customs or circum- 


C mate 


O FEMALE 


stances. If all family members are thin, 
the thinness may be an inherited trait 
or it may be due to the fact that the 
family has insufficient food. If everyone 
in a family has dark skin, this may be a 
genetic effect but may also be caused 
by long exposure to sunlight. A disease 
prevalent in a family may be an inherited 
disease, or it may be a contagious disease 
caused by bacteria or viruses that are 
transmitted from one family member to 
another. 

Examination of the family customs 
may reveal whether the trait is hered- 
itary or environmental. Sometimes ex- 
periments—such as supplying food to a 
family of thin persons—are possible, but 
some experiments—especially those that 
would cause danger, financial loss, or 
great inconvenience—usually are not 
possible. 

Especially valuable in the study of 
human genetics are identical twins who 
Were separated shortly after birth and 
were raised by different families in dif- 
ferent circumstances. Because identical 
twins have the same genotypes, if they 


SYMBOLS 


£> SEX UNDETERMINED 
OOO ABORTIONS or STILLBIRTHS 


a graphic system 
for the study of heredity 


differ in any traits it i ite probable 


that the traits were in ced by the — 
environment rather t} y heredity, 
Those traits that are al in both 
members of many pa separated 
twins are likely to be her: ry. 


USE OF THE PEDIG! 


that a trait 
) determine 
caused by 
al? If it is 
s that gene 
` gene lo- 
\ sex chro- 


Once it has been determ 
is genetic, the next step 
how the trait is inherited 
one pair of genes or by 
determined by a single g 
dominant or recessive? | 
cated on an autosome or 
mosome? 

These questions can b 


swered by 


examining a large numbe pedigrees, 
or family trees. Few si pedigrees 
provide enough informa to answer 


the data 
lude many 
t to draw 
nce. Each 
own pe- 
tions, and 


the questions accurately 
from many pedigrees tha 
marriages enable the ger 
some conclusions with c 
type of inheritance exhib 
culiar patterns over the g 


1 
SYMBOLS USED IN A PEDIGR:£—The sym- 
bol for a male is a square i that for a 


female is a circle. A diamond represents an 
individual whose sex is not known. The sym- 
bols for a married couple are joined by a hori- 
zontal line called the marriage line. From this 
is dropped a vertical line connec 
other horizontal line, the offspring line. The 
symbols for the Offspring are connected to the 
offspring line by vertical lines. The offspring 
symbols are arranged from left to right in the 
order of birth. Illegitimate children and the 
irregular union that Produced them are in- 
dicated by dotted lines. 

A Roman numeral is assigned to each gen- 
eration, and an Arabic numeral is assigned to 
each individual. 

The symbols for twins are joined by oblique 
lines. If the twins are fraternal (having arisen 
from two fertilized eggs) as are Il-3 and Il-4, 
the two oblique lines meet at the offspring 
line. If the twins are identical (having arisen 
from the same fertilized egg) as are Ill-5 and 
IlI-6, the oblique lines are joined to the off- 
spring line by a short vertical line. 

Individuals having the trait being studied 
are indicated by solid symbols; those lacking 
it are indicated by hollow symbols. 


se patterns are the clues that are 

ht and studied. The following pedi- 

illustrate three of the simpler types 
veritance. 


STRUCTING A PEDIGREE 


construction of a pedigree, each 
lual in a family is indicated by a 
| (Illustration 1). A circle is used 
female, a square for a male, and 
ond for any individual whose sex 
known to the compiler of the in- 
m. Solid symbols are used for 
vals exhibiting the trait under 
hollow symbols are used for those 
k the tr 
ymbols for a pair of parents are 
by a horizontal line, and below 
re arranged their children’s sym- 
any of the children have married, 
mbols are joined to those of their 
and any children they have are 
d below. To permit easy refer- 
) individuals, each generation is 
l a Roman numeral, and each 
ul is indicated by an Arabic 


NANT TRAITS 


on 2a shows a typical pedigree 

nple dominant trait transmitted 

omes. One characteristic of dom- 

uts is that they do not skip gen- 

If an individual has a domi- 

vit, then one or both of his parents 

ha If both parents lack the trait, then 

none of their children will have it, as, 

for unple, individuals II-3 and II-4 

and their offspring. Not all of the chil- 

dren of parents with dominant traits need 

have these traits, however, for the par- 

ents may be heterozygous, as are II-l 
and II-2, 

Some dominant traits in humans are 
brachydactyly, a condition in which the 
fingers or toes are abnormally short be- 
cause they lack a joint; syndactyly, in 
which two or more fingers or toes are 
fused together; and glaucoma, a form of 
blindness caused by increased pressure 
within the eye. Blood types A and B are 
each dominant to blood type O, and Rh 
positive blood type is dominant to Rh 
negative blood type. 


PEDIGREES OF DOMINANT AND RECESSIVE 
TRAITS—lilustration 2a shows a pedigree con- 
taining a typical pattern of inheritance of an 


autosomal dominant trait. The pedigree in ll- 
lustration 2b shows a typical pattern of in- 
heritance of an autosomal recessive trait. 
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RECESSIVE TRAITS 


Illustration 2b shows a typical pedigree 
for a simple recessive trait transmitted by 
autosomes. The skipping of generations 
is common in recessive traits, which 
often appear in grandparents and grand- 
children or in great grandparents and 
great grandchildren but not in the inter- 
vening generations. Children possessing 
the recessive trait may be bom to parents 
who lack it if the parents are heterozy- 


gous, as are III-3 and III-4. If both par- 
ents possess the trait, as do III-5 and II- 
6, then all their children have it too. 
Inbreeding, such as the first-cousin mar- 
riage between III-3 and III-4, increases 
the chances of producing some children 
with the recessive trait. The recessive 
traits of humans include albinism, a con- 
dition in which the skin lacks pigment, 
and phenylketonuria, a form of mental 
retardation caused by failure to metabo- 
lize the amino acid phenylalanine. 
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PEDIGREE OF A SEX-LINKED RECESSIVE 
TRAIT—Sex-linked recessive traits tend to 
skip generations as do autosomal recessive 
traits. However, nearly all the individuals pos- 
sessing the trait are males who inherited it 


2 3 #4 


through their mothers. Females who possess 
the trait are rare, and they are always the 
daughters of males who possess it and of 
mothers who either possess it or are heterozy- 
gous for the trait. 


———————————————— eee 


SEX-LINKED RECESSIVE TRAITS 


Sex-linked recessive traits, a pedigree of 
which is shown in Illustration 3, differ 
from autosomal recessive traits in that 
the genes responsible are borne on the 
X chromosomes. More males possess sex- 
linked recessive traits than do females. 
A male inherits the gene from his mother 
and not from his father, because a male 
receives his single X chromosome from 
his mother and his Y chromosome from 
his father. Although a father cannot pass 
the gene to his sons, he can pass it to his 
daughters. 

A typical pattern of inheritance of sex- 
linked recessive traits is from a man to 
his grandsons by way of the man’s daugh- 
ter, who is heterozygous and thus does 
not exhibit the trait. Such a pattern is 
seen from individuals II-5 and III-10 to 
IV-7 and IV-8. 

A female can possess a sex-linked re- 
cessive trait only if she receives a reces- 
sive gene from each parent, The second- 
cousin marriage between IV-6 (who is 
heterozygous) and IV-7 can produce 
such a girl (V-3). Her brother (V-4) 
owes his trait to his mother and not to 
his father. 

Sex-linked traits in humans include 


hemophilia (bleeder’s disease) and color 
blindness. 


CONSANGUINITY AND 
INBREEDING 


In most human societies, marriages be- 
tween close relatives are forbidden by 
custom or law; for man is an outbreeding 
species. It is questionable whether the 
prohibition resulted from realization that 
incest or inbreeding is detrimental; but 
the ban is reasonable in view of the evi- 
dence gathered by geneticists, In nor- 
mally outbreeding species, the progenies 
of matings in which the parents are 
closely related tend to be less vigorous 
than the offspring of unrelated parents. 
This is a consequence of the genetic loads 
of deleterious recessive genes that popu- 
lations carry. A recessive gene is not par- 
ticularly dangerous in the heterozygous 
condition; but its chances of becoming 
homozygous are greater in the offspring 
of parents who are close relatives and, 
therefore, have more similar genotypes. 
The effects of outbreeding and inbreed- 
ing on the vigor, viability, and fertility of 
the offspring depend, however, upon the 
reproductive biology of the species or the 
population in which they occur. 


Outbreeding is not a! 
nor is inbreeding neces 
Self-pollination is t 
form of inbreedin 
does not progressiv« 
of a wheat strain. V 
the opposite is seen 
the yield, and the in 
lines restores hybrid 
Thus, hybrid vigor 
ently the normal st 
tion, while inbreedi: 
in wheat. 

Many individuals 
diseases and malfor 
result of consangui: 
populations adjusted 
kind of ailment, if a 
in a given offspring 
deleterious recessive 
by the common anc« 
who mate. Studies a: 
how much inbreedin 
cur in a given specii 

The highest degre: 
that occurs in manki ith appreciable 
frequency is marriag: of first cousins. 
This results in homo sis of 6.25 per- 
cent of the genes in the progeny. On the 
basis of evidence, : netic counselor 
would not be justified in discouraging all 
marriages of people known to be rela- 
tives, but he could fairly point out that 
the chance of genetic weaknesses in the 
offspring of such marriages is measurably 
greater than that in the progeny of mar- 
riages between unrelated persons. ` 


vays invigorating 
arily debilitating, 
closest possible 
t this inbreeding 
veaken the vigor 
corn, however, 
ceding decreases 
sssing of inbred 
n the progeny. 
rosis, is appar- 
1 corn popula- 
he normal state 


ing hereditary 
ìs appear as a 
s and 
tbreeding. The 
hat will appear 
pends on what 
es were carried 
of the relatives 
being made on 
lamage will oc- 
population, 
f consanguinity 
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GENETIC IMPROVEMENTS 


The basic method of improving crop 
plants and domestic animals is artificial 
selection. The genotypes that are selected 
induce in their carriers the qualities de- 
sired by the breeder. The improvement 
methods used in breeding must be ap- 
propriate to the reproductive biology, the 
genetic population structure, and the eco- 
nomic value of the form to be improved. 
Obviously it is impossible to breed as 
many horses or cattle as is practicable 
with field crops. In the choice of prized 
animals, breeders depend to a great ex- 
tent on pedigree. Selection can operate 
only if genetic diversity exists; and one 
of the most successful means of inducing 
variability is hybridization—in horses or 
in strawberries, 


G EN ERAL EMBRYOLOGY | the beginnings of life 


OF : 
bry: 
eve) 
how 
fro 

side 


many branches of biology, em- 
y is one that interests almost 
ve because it is concerned with 
vimals, including man, develop 
fertilized egg. When one con- 
ve complexity of an adult orga- 


nism and recalls that all the organ sys- 
tems—nervous, circulatory, digestive, and 
so forth—have all differentiated and 
grown from a single cell, the more puz- 
zling and fascinating the embryonic 
processes seem to be. 


la 


la’ 


DIFFERENT TYPES OF EGGS—These dia- 
grams show different types of eggs from dif- 
ferent species of animals. The eggs can be 
classified according to the amount and loca- 
tion of the yolk. Illustration 1a shows an iso- 
lecithal (microlecithal) egg, with a small 
amount of yolk evenly distributed. Illustrations 
1b and 1c show telolecithal eggs with a large 
amount of yolk. Yolk accumulates at one end 
of the egg, called the vegetal pole, while the 
cytoplasm and nucleus are at the other, or 
animal pole. Illustration 1d shows the centro- 
lecithal egg of an insect, with yolk in the mid- 
dle and cytoplasm at the periphery. The 
amount and distribution of yolk account for 
the different cleavage (segmentation) patterns 
in different animals. Illustration 1a’ shows the 
total, equal cleavage that occurs in isolecithal 
zygotes. Illustration 1b’ shows the total but 
unequal cleavage that occurs in a moderately 
telolecithal egg. Illustration 1c’ shows that in 
an extremely telolecithal egg the yolk cannot 
cleave. A disk of cells forms on top of the 
yolk (discoidal or partial cleavage). Illustra- 
tion 1d’ shows that in centrolecithal eggs 
cleavage takes place only in the peripheral 
cytoplasm. 
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Embryology can be defined as the 
study of development from fertilized egg 
to hatching, birth, or to the time the 
young individual can live independently 
of the mother. Those animals or plants 
that do not have embryonic stages are 
the single-celled organisms that usually 
reproduce by simple fission, forming two 
new organisms already like the parent; 
or those organisms that reproduce asex- 
ually by fragmentation or by the forma- 
tion of small replicas of the adult at- 
tached for a time to the parent body, as 
in many species related to the jellyfish. 

Within any one phylum, the develop- 
ment pattem is very similar, showing 
that all the animals or plants of that 
phylum are closely related. In fact, the 
embryonic stages resemble each other 
more closely than do the adult animals. 
A good example is found among the 
vertebrates, the phylum to which man 
belongs. The development of fish, am- 
phibians, reptiles, birds, and mammals 
is very similar, particularly in the early 
stages. It is possible to identify a num- 


SECTIONS OF A BLASTULA OF AMPHIOXUS 
—lllustrations 2a, 2b, and 2c show different 
ages of blastulas in section. As more blasto- 
meres form, the blastula and the blastocoel 
inside become larger. Blastulas form differ- 
ently, depending on the amount of yolk in the 
egg. An amphioxus has a small amount of 
evenly distributed yolk (isolecithal or micro- 
lecithal). 

In telolecithal eggs with a large amount of 
yolk, the cytoplasm is concentrated at the 
animal pole and the yolk is concentrated at the 
vegetal pole. 
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ber of universal characteristics of verte- 
brates in an embryo only a few hours 
old. The main parts of the tubular ner- 
vous system, the notochord (the fore- 
runner of the vertebral column), the 
pharyngeal region with its characteristic 
pouches bulging toward the outside of 
the animal and the branchial grooves or 
clefts projecting inward from the outside 
of the body (forerunners of the gill 
clefts )—all are easily seen in all verte- 
brate embryos and are considered the 
distinguishing characteristics of the 
phylum, As the embryo grows older, 
these structures become modified and 
transformed so that they are no longer 
as distinct and similar as they were in the 
earlier stages, 


FERTILIZATION AND CLEAVAGE 
Embryonic development begins with 


fertilization—the union of the gametes. 
Gamete is the general term for a sex cell, 


which is an egg produced in an ovary 
or a sperm (spermatozoon) produced 
in a testis. During their formation the 
gametes undergo meiosis, a process 
whose essential feature is the reduction 
in the number of chromosomes per ga- 
mete by one half. Because chromosomes 
are in pairs in all cells except mature 


gametes, this reduction does not mean 
that genes for a particular characteristic 
are totally lost, since at the end of meiosis 
each gamete contains one of each pair of 
chromosomes. Fertilization accomplishes 
two important ends it brings together 
the chromosomes o! ozs and sperm, thus 
restoring the doub mber of chromo- 
somes and bring haracteristics of 
both mother and f to the fertilized 
egg, and it initiat livisions of the 
fertilized egg, n perly called a 
zygote or one-ce!! nbryo. Mitotic 
divisions start alm mediately after 
fertilization. They 'alled cleavage 
divisions (or segi ion) and differ 
from ordinary mito livisions only in 
that they occur so ly that there is 
no time for the gro f the new cells 
before another divi kes place, Cells 
formed during cleas «are called blasto- 
meres; their size an ape depend on 
the amount and dist) ution of yolk in 


GASTRULATION IN AMPHISIANS—Amphibian 
eggs have considerat yolk, so that al- 
though the egg divides pletely the blasto- 
meres thus formed are different sizes de- 
pending on how much they contain. This 
is called total, unequ avage. The small 
cells are the micromer ‘0 larger ones are 
macromeres (Illustratic The blastocoel is 
smaller than in the « xus because the 
yolk-filled macromeres up So much room. 
Gastrulation begins wit: ihe invagination of 
cells at the boundary t n the micromeres 
and macromeres and | ied by epiboly, the 
downgrowth of the mi yeres that helps to 
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3a micromeres 


the fertilized egg. 
Yolk is a highly nutritious substance 
composed of proteins, phospholipids, and 
Ergs with very little yolk, such as 
lian eggs, have the yolk evenly 
ved in the cytoplasm and are 


tern solecithal or microlecithal. In an 
egg | ing large quantities of yolk, the 
yolk is to accumulate at one end of 


the the vegetal pole. This is the 
in amphibians and to an even 


coni 

grei tent in reptiles and birds. Such 
egg said to be telolecithal. The 
amo f yolk in an egg depends on 
how the embryo can feed itself or on 
whet he embryo receives all its food 


fror mother, as in mammals. The 


egg ie hen is really just what is 
usual nown as the “yolk.” The so- 
call gg” includes albumen, mem- 
bran: id shell—components which are 
not į f the egg, technically speaking. 
In ar pods (insects) the yolk accu- 
push : cells at the blastopore (Illustration 
3b) w cavity, open to the outside, is the 
arch or primitive gut (Illustration 3c). 
The neres remaining on the outside at 
this rm a mass called the yolk plug (II- 
lustr j). They too will eventually invagi- 
nate. lation forms a two-layered embryo 


with rm on the outside and endoderm 


on t de (Illustration 3d). The blastocoel 
is re in size as the archenteron becomes 
large blastopore eventually forms the 
anus e end of the gastrulation period a 
third 3f cells, the mesoderm, forms be- 
twee derm and endoderm. 


EARLY AND LATE AMPHIBIAN GASTRULA— 
Illustration 4a shows a sagittal section of a 
very early gastrula. The blastopore at this 
stage is a crescent-shaped groove bp on the 
outside of the embryo. Invagination and mi- 


gration of cells has not yet begun. Illustration 
4b shows a late gastrula with a well-formed 
blastopore with a dorsal lip dl and a ventral lip 
vi. The blastocoel becomes smaller as the 
archenteron (primitive gut) increases in size. 


yolk plug 


ectoderm 


f archenteron“ 


27 


28 


mulates in the center of the egg, with the 
cytoplasm distributed around the pe- 
riphery. Such eggs are centrolecithal. 
The effect of yolk is to impede or slow 
down cleavage; thus, it is important to 
know the amount of yolk in order to 
understand the apparently very different 
cleavage patterns. Because of the small 
amount of yolk that they contain, mam- 
malian zygotes divide completely with 
the consequent formation of equal-sized 
blastomeres—a phenomenon known as 
total and equal cleavage. Amphibian 
eggs, which have a larger amount of yolk, 
also divide completely, but division goes 
on more readily at the animal pole where 
there is little yolk, and less readily at 
the vegetal pole where there is much 
yolk. This phenomenon is known as total 
but unequal cleavage. Reptile and bird 
eggs have so much yolk that cleavage 
takes place only in the small disk of cyto- 
plasm (the small white dot of the hen’s 
egg) that lies on top of the huge mass of 
yolk; the yolk does not divide (discoidal 
or partial cleavage). In all cases, the 
cleavage stage is over when a closely 
packed mass of cells is formed. This ball 
or disk of cells, whose number varies with 
the species of animal, is called a morula. 


FORMATION OF THE BLASTULA 
AND GASTRULA 


No sharp division exists between any de- 
velopmental stage or period, whether it 


5a 


is during the embryonic time or after 
hatching or birth. For convenience in 
study and discussion, stages are desig- 
nated, but often much overlapping of 
stages and individual variation occur. 
After cleavage the blastomeres shift and 
become rearranged so that the solid ball 
of cells that was the morula becomes a 
hollow ball in embryos developing from 
isolecithal or moderately telolecithal 
zygotes. In the case of extremely telo- 
lecithal eggs (reptiles and birds), where 
the morula consists of a disk of cells on 
top of the large mass of uncleaved yolk, 


TOTAL, EQUAL CLEAVAGE—This series of 
illustrations shows cleavage in the embryo of 
the amphioxus, a very primitive fishlike verte- 
brate. The eggs of an amphioxus are isoleci- 
thal (microlecithal) so that cleavage is total 
and the blastomeres thus formed are equal in 
size. The fertilized egg divides into 2, 4, 8, 16 


forming a two-layered embryo, the gas- 
trula. Gastrulas of this type look like 
a soft rubber ball that has been pushed 
in at one point. This pushing in or invagi- 
nation reduces the size of the blas‘ocoel 
and forms a new cavity: the arche: ‘eron 


blastomeres, and so forth. A polar eet pis or primitive gut (digestive system The 
cae spre orgie eres, Ne w opening to the ouside i the as oor 
the process of meiosis when the number of In vertebrates the blastopore evo ually 
chromosomes was reduced one half. The polar forms the anus; the mouth forr me- 
bodies are nonfunctional and soon die. what later at the other end the 
5b gastrula. 

Gastrulation in extremely tel cithal 
eggs is mechanically more diff t be- 
cause of the large mass of ir yolk, 
In this case the gastrula is form by a 
number of complex movement cells, 
which finally make a two-lay: disk 
from the single-layered disk that | as the 
blastula; the upper layer is the derm 
and the lower one the endodi The 
archenteron lies under the er- derm, 
with yolk beneath and a slight irved 
roof of endodermal cells above typi- 
cal gastrula is a two-layered | \ibryo, 
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the blastula is formed by the lifting of 
the disk of cells slightly so that a small 
slitlike space lies between the yolk and 
the embryo. The space inside the blas- 
tula (or under the blastodisc in birds) is 
the blastocoel. 

As mitotic divisions continue in blas- 
tulas formed from eggs with little or only 
moderate amounts of yolk, the cells be- 
come smaller and smaller. Soon some of 
the cells at the vegetal pole invaginate, 


somewhat elongated in shape. 

At the close of the gastrulation period, 
cells begin to appear between the ecto- 
derm and endoderm, This third layer is 
the mesoderm. The embryo, now consist- 
ing of several different kinds of cells, has 
begun to take shape. From the three 
layers termed the germ layers—ectoderm, 
mesoderm, and endoderm—all the organ 
systems of the body eventually will be 
formed. 


MAMMALIAN 


EMBRYOLOGY | 


How nan being develops from a 
fertiliz sg into a baby is one of the 
most Í ting and universally appeal- 
ing of logical studies. Humans are 
mamn nimals whose young develop 
in the of the mother, who suckle 
their 5 ind who have hair or fur 
on th Humans share common 
anator eatures and developmental 
patteri h the other mammals. In 
fact, i rly stages of development 
it is ) distinguish one mammal 
from : Furthermore, since mam- 
mals a brates with many anatomi- 
cal cl istics resembling those of 
fish, a, reptiles, and birds, it is 
not sul z that many similarities exist 
betwe« embryology of mammals 
and t} ryology of other vertebrates. 

Ver fall into two main groups: 
the ac or semiaquatic) fish and 
amphi d the terrestrial (air-breath- 
ing) r birds, and mammals. When, 
in the of evolution, the vertebrates 
came i he water, a number of ana- 
tomic \evelopmental problems had 
to be One of the most critical of 
these w to keep the embryo from 
dryin it were to develop out of 
water ptiles and birds, the evolu- 
tion o led eggs and embryos with 
severa yonic membranes that pre- 
vent d tion was one solution to the 
proble ile in mammals, the evolu- 
tion of iuterine development as well 
as rete of the embryonic membranes 
of rept nd birds solved the problem. 
While t adaptations to development 
out of water obscure some of the simi- 


larities that exist in vertebrate develop- 
ment, a comparative study of the em- 
bryology of vertebrates shows that the 
basic pattern is the same. 

The three subclasses of mammals show 
interesting differences from the reptile- 
bird plan of development and an increas- 
ingly close connection of the embryo and 
the mother. The monotremes, the sub- 
class to which the duck-billed platypus 
and the spiny anteater of Australia be- 
long, are the most primitive of the mam- 
mals. The female lays yolk-filled eggs 
surrounded by a leathery shell. Develop- 
ment, therefore, is more like that of a 
bird or a reptile than a mammal—except 
that after the young are hatched they 
are nourished by a milklike secretion that 
oozes from glands on the abdominal sur- 


mammalian development vs 
the development of other vertebrates 


EARLY DEVELOPMENT AND IMPLANTATION 
OF THE EMBRYO—IIlustrations 1a and 1b 
show mammalian embryos about six to eight 
days after fertilization. Illustration 1c shows 
the six-day old embryo attached to the uterine 
wall as the embryo begins the implantation 
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trophoblast 
cells of the embryo 


blastocoel 
le 


embryonic { ectoderm 
endoderm 


disk 


process, which is facilitated by the sticky 
syncytial trophoblast on the outside of the 
blastocyst and by the secretions of the uterine 
glands. As implantation proceeds, the syncytial 
trophoblast digests the tissues of the uterine 
wall at the point of implantation. 


lb 
syncytial trophoblast 


cytotrophoblast 


7 roots of the dorsal aorta 


spinal cord 


face of the mother. The marsupials (kan- 
garoos, wombats, koalas), also found in 
Australia, have eggs with very little yolk. 
Their embryos develop more like those 


FORMATION OF THE NERVOUS SYSTEM AND 
BODY CAVITY—The cross sections of the 
embryos shown in Illustrations 2a, 2b, and 2c 
show how the brain and spinal cord are formed 
by the closing of the ectodermal neural groove. 
These illustrations also show that the meso- 
derm, laterad to the somites and kidney re- 
gions, has split into two layers. As the body 
wall of the embryo grows ventrally, the two 
mesodermal layers enclose a space, the coe- 
lom or body cavity. In Illustration 2c the diges- 
tive tube is to the left of the coelom. 


2a 


neural groove 


roots of the dorsal aorta 
2b 


intermediate mesoderm 
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of the placental mammals except that 
they are born while still in an embryonic 
condition. These small, three-quarter-of- 
an-inch-long embryos have strong, well- 
developed front legs by which they pull 
themselves up and into the pouch on the 
mother’s abdominal wall, where they 
continue to develop for several months. 
Inside the pouch, the embryos become 
attached to nipples that are forced into 
the back of the embryos’ throats and 
held in place by the contraction of 
cuplike elevations that surround each 
nipple. 

The development of the placental mam- 
mals, including man, differs from that of 
the more primitive mammals in that the 
embryo completes its development in the 
uterus of the mother. Since the egg has 
no yolk, an efficient method of getting 
food from the mother is necessary. Other 
needs, such as exchange of oxygen and 
carbon dioxide, elimination of metabolic 
waste materials, prevention of desicca- 
tion, and protection, must also be taken 
care of. Embryonic membranes and the 
placenta take care of the exchanges be- 
tween embryo and mother, In spite of 
the modifications that intrauterine de- 
velopment has brought about, the devel- 
opment of mammals follows the basic 
vertebrate pattern. 


EARLY DEVELOPMENT 
OF A MAMMAL 


As in other terrestrial animals, fertiliza- 
tion (the union of egg and sperm) takes 
place in the upper end of the oviduct 
soon after the egg has left the ovary. 
Since the eggs of placental mammals 
have almost no yolk, the zygote (ferti- 
lized egg) divides completely, into equal 
blastomeres. These early mitotic divi- 
sions called cleavage or segmentation 
stages, take place as the embryo is travel- 
ing down the oviduct (Fallopian tube). 
By the time the embryo has reached the 
uterus it is a ball of about eight cells. 
While this structure is free in the uterus, 
several more divisions take place. Finally 
a group of less dense cells appear, form- 
ing a layer, the trophoblast, outside an 
inner, denser mass of cells, the inner cell 
mass. The trophoblast develops into an 
auxiliary nutritive tissue. Most of the 
cells of the inner cell mass form the 
embryo proper. The whole ball of cells, 
including trophoblast and inner cell mass, 
is the blastocyst. The trophoblast cells 
secrete a fluid to the interior of the 
blastocyst, thereby producing a small, 
fluid-filled cavity and increasing the di- 
ameter of the blastocyst. The embryo is 
now in the blastula stage. At this time, 
about six days after fertilization in man, 


the blastocyst adheres to the uterine wall 
due to the sticky secretion from the 
trophoblast cells and to the secretions of 
the uterine glands. The blastocyst sinks 


into the soft tissue of the uterus and 
grows rapidly. It then becomes important 
to distinguish between the deve ‘opment 
of those cells of the inner cell s that 
will form the embryo proper ano the de- 
velopment of the trophoblast, those 
cells of the inner cell mass form 
auxiliary or extraembryonic 1 ranes 
and the fetal portion of the pla. ita. 


FURTHER DEVELOPMENT F 
THE MAMMALIAN EMBRY 


The inner cell mass soon beco a disk 
inside the blastocyst, with a « both 
above and below the disk disk, 
round at first, soon becomes elli ical, It 
is known as the embryonic shi It has 
an upper layer of cells, the ectod ~n, and 
a lower layer, the endoderm vedian 
thicker line of cells, the primitiy streak, 
appears with a dense knot of « at its 
anterior end, From this knot nsen’s 
node) the notochord grows riorly. 
The notochord is a primitive st then- 
ing rodlike structure that cont tes to 
the formation of the vertebrae third, 
middle layer of cells grows | | and 
anteriad from the primitive and 
Hensen’s node. This middle | s the 
mesoderm. The embryo is now i: ne late 
gastrula stage, with the main ax: of the 
body determined and the th: germ 
(germinative or formative ) lay cells 
beginning to form the organ sy The 
ectoderm forms a neural fold t ex- 
tends around the notochord and jitive 
streak. The edges of the fold meo: ‘n the 
midline to form the neural tube the 
tube is pinched off from the rest of the 
ectoderm, it becomes covered with epi- 


thelial ectoderm. The tube is the begin- 
ning of the central nervous system; the 
larger anterior end is the brain and the 
smaller posterior part the spinal cord. 
The upper or epithelial layer of the skin, 
including such outgrowths as hair, nails, 
and sweat glands, also stems from ecto- 
dermal cells. The lining of the digestive 
tube, the respiratory system, and all of 
the liver and pancreas are derived from 
the endoderm. The mesoderm forms the 
skeleton, muscles, connective tissues such 
as tendons and ligaments, the circulatory 
system including the blood, and repro- 
ductive and excretory systems. 


AUXILIARY MEMBRANES 
AND THE PLACENTA 


Since the mammalian egg has little or no 
yolk, food must be provided almost im- 
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ly from the mother. As soon as 


ocyst has sunk into the lining 
us, the trophoblast cells on the 
the blastocyst divide, forming 


AN EMBRYO AT THE PRIMITIVE 
STAGE—Different species of mam- 
this stage at widely different times. 
tion shows a dorsal view of the 
nbryo. A lighter-colored streak, the 
sak, is visible in the midline. From 
streak, and anterior to the later- 
somites, is the notochord, an early 
tructure that later helps to form 
The somites form the skeletal 


a large number of nuclei embedded in 
cytoplasm but without cell membranes. 
This syncytial trophoblast digests and ab- 
sorbs uterine tissue, thus temporarily sup- 
plying the young embryo with food. The 
trophoblast soon develops villi on its 
outer surface, thereby increasing its di- 
gestive and absorptive area. The tropho- 
blast with its villi has now become the 
chorion. It is lined with mesoderm. As 
A MAMMALIAN EMBRYO IN THE NEURULA 
STAGE—The neural folds show as fine white 


lines. The neural groove is open for most of 
its length. At the extreme anterior end the 


the blastocyst enlarges and bulges into 
the uterine cavity, the chorion on the 
side toward the original point of implan- 
tation (embedding) forms the embryonic 
(fetal) part of the placenta, while the 
part of the uterine wall into which the 
now much-branched chorionic villi are 
embedded forms the maternal part of 
the placenta. The shape and intricacy of 
the connection between the fetal and 
folds have met, forming the beginnings of the 
brain. The cut edge of the amnion can be seen 


just laterad to the embryo. Seven pairs of 
somites are present. 


A MAMMALIAN EMBRYO WITH WELL-DE- 
VELOPED BRAIN AND HEART—A human 
embryo would be about four weeks old at this 
stage. The photograph shows how the embryo 
curves, with pronounced bends in the neck 
and tail regions. This side view shows the 
embryo removed from the uterus with the 
embryonic membranes cut away. The three 
main parts of the brain—prosencephalon 
(forebrain), mesencephalon (midbrain), and 


rhombencephalon (hindbrain)—show as large 
bulges in the head region. The dorsal wall of 
the hindbrain is so thin that it barely shows 
in the photograph. An eye shows between the 
fore- and midbrain. Many somites are present 
along the side of the embryo. The heart pro- 
jects out from the body just under the fore- 
brain. The light-colored object between the 
heart and the somites is a front leg. 
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FACE VIEW OF THE HEAD REGION OF A 
MAMMALIAN EMBRYO—In this photograph, 
the embryo has been turned so that it is 
possible to see the developing mouth region. 
The mandible (lower jaw) below the mouth 
has a notch in the midline. The olfactory pits 
that will form the nostrils are visible above 
the mouth. Below the olfactory pits and to 
the sides are the maxillary processes that will 
form the upper jaw. 


ee SS ee 
maternal components of the placenta 
vary in different species of mammals, The 
villi of the fetal part are bathed in a 
liquid from the digested tissues of the 
uterine wall, tissue fluid, and maternal 
blood. At no time is there a direct con- 
nection between the circulatory systems 
of the mother and the embryo. 

The embryo is encased in the amnion, 
a sac that develops very early in mam- 
mals and in different ways depending on 
the species. In man it forms from the 
upper cells of the inner cell mass by a 
hollowing-out process. It is lined on the 
inside with ectoderm that is continuous 


with the ectoderm on the outsid 
embryo, and on the outside w 
derm that is continuous with tł 


derm of the chorion. The am 


with a fluid in which the embryo moves 
freely. This fluid-filled sac protects the 
embryo from desiccation and from me- 
chanical injuries. As the embryo and 
amnion enlarge, the amnion fuses with 
the chorion. Eventually much of the 


fluid is absorbed. Marsupial and 


amniot 
placer xammals do not have yolk, but 
they f a vestigial yolk sac by the 


growtl cells from the ventral side of 


nects the fetus to the placenta, is covered 
with part of the amnion and contains, in 
addition to the vestigial yolk sac and al- 
lantois, the umbilical blood vessels. The 


waste materials take place through the 
walls of the villi and capillaries. 

Just before birth, the amnion is broken 
and the amniotic fluid is lost. After birth 


Tb 


the digestive tube. The allantois forms as 
it does in reptiles and birds, from a ven- 
tral evagination of the posterior end of 
the digestive tube. 

Both yolk sac and allantois lie within 
the umbilical cord. The cord, which con- 


FACE VIEWS OF OLDER MAMMALIAN EM- 


BRYOS—lllustrations 


7a and 7b show later 


stages in the development of the face. The 


are prominent at the sides of the head 
upper jaw is almost complete and the 
with its olfactory pits projects more than 


in the previous photograph 


umbilical arteries carry blood to the cho- 
rionic villi of the fetal part of the pla- 
centa. In the villi the arteries divide into 
capillaries and rejoin into a large umbili- 
cal vein that brings blood back to the em- 
bryo. All exchanges of gases, foods, and 


the placenta is expelled. When the umbil- 
ical cord is tied and cut, the newborn 
baby must breathe by means of its own 
respiratory system and take in food 
through its own digestive system, which 
by then is functioning. 
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BIRD EMBRYOLOGY | ~“ 


The steps that change a seemingly sim- 
ple, undifferentiated egg into a complex, 
self-sustaining animal form one of the 
most interesting studies in the field of 
biology. The science of embryology 
deals with the development of an orga- 
nism from fertilized egg to independent 
existence. The end of the embryonic or 
developmental period is not a precise 
moment in most animals, but in birds 
it is usually considered to be the time 
of hatching and in mammals the time 
of birth, when the young leaves the body 
of the mother, 

While some stages in development may 
appear to differ among the various verte- 
brates, the differences are more super- 
ficial than basic and are due chiefly to 
the way in which the embryo gets its 
food. Birds, whose embryos must live on 
yolk and albumen, are well supplied with 
these foods, while mammalian embryos, 
whose food is supplied by the mother, 
have practically no yolk. Since much 
yolk makes cell division difficult, and 
since lack of yolk means the necessity 
for an early food-and-oxygen-conveying 
system from the mother, some differences 
in bird and mammalian development ap- 
pear rather carly. The formation of the 
organ systems, however, is practically 
the same in all vertebrates. 


CHICK EMBRYO ABOUT 20 HOURS OLD— 
The age of a bird embryo is counted from the 
time incubation starts. The embryo in Illustra- 
tion 1 is composed of a clear region, the area 
pellucida, which lies over a space on top of the 
yolk, and a peripheral, more dense area—the 
area opaca—where the cells still adhere to the 
underlying yolk. In the center of the area pel- 
lucida is the primitive streak, with the begin- 
ning of the notochord extending from its 
anterior end. The notochord is a primitive sup- 
porting rod that becomes part of the vertebrae 
of the adult bird. At this time the embryo is in 
a late gastrula stage, composed of three lay- 
ers of cells, an upper ectoderm, a lower endo- 
derm, and the mesoderm lying between ecto- 
derm and endoderm. 


CHICK EMBRYO ABOUT 33 HOURS OLD— 
The embryo is no longer a flat disk of cells 
on top of the yolk, but is beginning to take 
form as some of the organs appear. The brain 
shows as a conspicuous bulge. The segmen- 
tally arranged blocks of tissue are the meso- 
dermal somites that will form the skeletal 
muscles (Illustration 2). 


CHICK EMBRYO ABOUT 72 HOURS OLD— 
Illustration 3a shows an enlargement of an 
embryo after the anterior end has twisted so 
that the left side of the head is lying on the 
yolk. The brain is large and has become con- 
stricted into fore-, mid-, and hindbrain regions. 
The eye shows as a dark spot in the forebrain 
region. The heart projects from the body pos- 
terior to the brain; large blood vessels connect 
with the heart. Illustration 3b shows a three- 
or four-day-old chick lying in the shell, which 
has been partially removed. The blood ves- 
sels extending over the embryonic membranes 
show very distinctly. 
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MENT OF A BIRD 


speaking, a bird’s egg is 
narily spoken of as the yolk 
The cytoplasm, where cell 
; place, is the small white 
ved on top of the yolk. 
k) is held together by the 
) membrane. Outside of 
per are the albumen, the 
nes, and the shell, all of 
lded after the egg leaves 
the hen. 
(union of egg and sperm) 
upper end of the oviduct 
ulation. Fertilization, as in 
itiates the division of the 
ew rapid mitotic divisions 
is cleavage or segmenta- 
he pattern that cleavage 
on the amount of yolk 
eggs of different kinds of 
c eggs with little yolk di- 
blastomeres 


cly, forming 
ial size; those eggs with 


more yolk divide completely, forming 
blastomeres of unequal size. Eggs with 
large amounts of yolk, as in reptiles and 
birds, form blastomeres only in the cyto- 
plasmic disk located on top of the yolk. 
Such eggs, therefore, divide only par- 
tially. This partial or discoidal type of 
cleavage is characteristic of reptiles and 
birds, whose embryos live on yolk and 
albumen for several days (21 days in the 
chicken) before hatching. 

As cleavage continues in the chick, the 
blastomeres in the center of the disk of 
cytoplasm become cut off from the under- 
lying and surrounding yolk, while the 
peripherally forming nuclei do not as yet 
have definite cell membranes and, there- 
fore, seem to lie in the yolk. By the end 
of the cleavage period the embryo con- 
sists of a mass of blastomeres lying on 
top of the yolk but separated from it by 
a small, slitlike cavity. This is the blas- 
tula stage of the chick embryo. The 
central mass of cells appears transparent 
because of the cavity underneath them. 
This region is called the area pellucida, 


while the peripheral, newly forming cells, 
still attached to the underlying yolk, look 
more dense and hence constitute the 
area opaca. 

The cleavage divisions take place while 
the “egg” is traveling down the oviduct 
of the hen. During this time, albumen, 
shell membranes, and shell are added 
around the yolk, The “egg” is laid at 
about this time. It is made up of an 
embryo, in the late blastula stage, lying 
on top of the yolk, plus albumen, mem- 
branes, and shell. Eggs that are bought 
in stores have not been fertilized and do 
not have embryos. The disk of cytoplasm 
can, however, be observed. 

Development continues as soon as the 
mother bird sits on the eggs or as soon 
as they are put in an incubator set to 
maintain a temperature of about 38° C 
(about 100° F). By continued cell divi- 
sions and a somewhat complex migration 
of cells, the blastula becomes a gastrula 
composed of a dense, longitudinal strip 
of cells called the primitive streak. This 
structure has a slight groove down its 


EMBRYOS — Illustration 4a 
əmbryo about five days old. By 
ybryonic membranes are well 
are the yolk sac, amnion, 
tois. All of these develop from 
ry layers of cells that form the 
y are not part of the embryo 
iion is a sac surrounding the 
completely filled with a fluid 
e embryo from mechanical in- 
s the embryo to move freely. 
the amnion aids in moving the 


“embryo and in circulating the blood. The yolk 


sac, which surrounds the yolk, digests the 
yolk, which is then brought to the embryo by 
the blood vessels that extend over the surface 
of the yolk sac. The allantois, which is a sac- 
like outgrowth of the posterior part of the 
digestive system, grows out between the am- 
nion and serosa; it functions as the embryo's 
urinary bladder. It is also important, after it 
fuses with the serosa, in bringing oxygen that 
has diffused through the shell into the circula- 
tory system. Except for the proximal end (the 


one closest to the embryo) of the allantois, 
the embryonic membranes are discarded at 
the time of hatching. This proximal end be- 
comes the urinary bladder of the adult bird. 
Illustration 4b shows a chick about seven days 
old. The darkly pigmented eye is the most 
conspicuous part of the chick's head. Blood 
vessels from the fused sero-allantoic mem- 
brane bring in oxygen and discharge carbon 
dioxide by diffusion through the shell. 
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center. The embryo is now composed of 
three layers of cells: an upper ectodermal 
layer, a lower endodermal layer, and a 
middle mesodermal layer. Each of these 
later forms definite organs in a very pre- 
cise and orderly manner. 


ORIGIN OF THE MAJOR 
ORGAN SYSTEMS 


A late gastrula incubated for about 20 
hours is considerably larger than the 
blastula. A dense line of cells growing 
anteriorly from the primitive streak ap- 
pears at the end of gastrulation. This is 


CHICK EMBRYO ABOUT EIGHT DAYS OLD— 
In Illustration 5 the shell has been cut away to 
show the embryo lying on top of the yolk. The 
rich blood supply is conspicuous. The shape of 
the embryo is obscured by the amnion, but the 
head with one large eye is clearly visible. 


CHICK EMBRYO ABOUT 10 DAYS OLD—illus- 
tration 6a shows the embryo inside the amnion. 
The head region develops early and is large 
in proportion to the rest of the body. Illustra- 
tion 6b shows the limbs; the head is turned 
so that both of the very large eyes show. Blood 
vessels bring food to the embryo from the 
yolk sac. Although the embryo is immersed 
in fluid, it does not breathe by means of gills. 
Oxygen is brought to the embryo by the blood 
vessels after it has diffused through the shell. 


6b 


the notochord (sometimes called the 
head process). The vertebrae will de- 
velop from it. All the organ systems are 
formed from the three embryonic layers 
(often called the germ layers because 
they are formative or germinal in na- 
ture). The nervous system is derived 
from the ectoderm and is formed in the 
following manner: two folds, the neural 
folds, form at the sides of the notochord, 
anterior to the primitive streak. These 
fuse to form the neural tube, which 
gives rise to the brain and spinal cord. 
The anterior part of the neural tube 
grows more rapidly, and as it grows it 


becomes constricted into five zions, 
These five basic parts increas size, 
then fold to become the brain ie Te- 


maining part of the neural tube omes 
the spinal cord. The ectoderm orms 
the epidermal part of the skin iding 
the feathers of birds. 

The endoderm forms the lin: « epi- 
thelium of the digestive tube a: spira- 
tory system and all of the and 
pancreas. 

The mesoderm, in addition t ming 
the vertebrae, forms all the : f the 
skeleton, the muscles, the conn e tis- 


sues such as tendons and ligan: ts, the 


circulatory system including tho blood, 
the reproductive system, and t excre- 
tory system. 
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FORMATIC 
MEMBRAN 


OF EMBRYONIC 


There are four embryonic membranes, 
often called extraembryonic membranes 
because they do not form part of the 
embryo proper, although they are de- 
rived from blastomeres of the fertilized 
egg. They are the amnion, allantois, yolk 
sac, and serosa (also called the chorion). 
Fish and amphibia whose embryos de- 
velop in water Jack embryonic mem- 
branes. These are the Anamniota. Rep- 
tiles, birds, and mammals who are 
air-breathing, terrestrial animals whose 


eml iot develop in environmental 


wate the four embryonic mem- 


brar e animals are the Amniota. 
In the function of the mem- 
brar tection, maintaining a liquid 
envi for the embryo, bringing 
foor gen to the embryo, and tak- 
ing « dioxide and other metabolic 
wast y from the embryo. 

In hick embryo the membranes 
begi ippear when the embryo is 
abou hours old and are virtually 
com when the chick is about five 
days he amnion and serosa develop 
at the same time from the same layers 
of cells. Cells lying peripheral to the 
embryo proper increase rapidly in num- 
ber and rise up as a continuous fold that 
soon completely envelops the embryo. 
The inner part of the fold forms the 
amnion, a sac around the embryo, soon 


filled with amniotic fluid in which the 
embryo floats and moves freely. The 
outer part of the fold forms the serosa, 
which ev entually covers the yolk sac and 
allantois as well as the amnion. The 
serosa lics next to the shell membranes 
in the later stages of development. 

The yolk sac forms from an expansion 
of the same layers that form the gut. In 
early stages, yolk lics under the incom- 
pleted gut. As the yolk sac grows around 
the yolk, it gradually separates the yolk 
from the closing gut. The yolk sac di- 


CHICK EMBRYO ABOUT 16 DAYS OLD—Illus- 
tration 7a shows the chick almost fully formed; 
the head with its eyes and beak is folded 
against the body. Feathers are developing. The 
allantois is important at this time in respiration 
and as a storage sac for excretory products. 
On the nineteenth day the chick begins to 
breathe with its lungs, perforating the air 
chamber, located at the larger end of the 
shell, with its beak and thus receiving oxygen 
without breaking the shell. The allantois starts 
to dry up at this time; when the eggshell is 
broken, most of the allantois adheres to the 
shell and is discarded. Illustration 7b shows 
the chick on the twenty-first day as it breaks 
the shell with a horny egg tooth located on 
the upper part of the beak. The egg tooth is 
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gests the yolk, and blood vessels on its 
surface bring the digested food to the 
embryo. 

The allantois is a saclike outgrowth of 
the posterior part of the digestive tube. 
It becomes large, spreading over the 
amnion and yolk sac and under the 
serosa. The allantois functions as an em- 
bryonic urinary bladder, accumulating 
water, urea, and uric acid from the me- 
tabolism of proteins. As the allantois 
becomes larger, part of it fuses with the 
serosa. This compound membrane de- 
velops a rich vascular network that 
brings oxygen to the embryo and carries 
carbon dioxide away from the embryo. 
Since this sero-allantoic membrane is 
close to the shell, exchange of these gases 
takes place readily through the shell. 
The part of the allantois closest to the 


lost soon after hatching. By the time of hatch- 
ing the shell has become thinner because part 
of the calcium carbonate of which it is com- 
posed has been utilized by the embryo in the 
calcification of its bones. 


A NEWLY HATCHED CHICK—When the chick 
first emerges from the shell, its feathers are 
damp and ruffled but they soon dry and be- 
come soft and fluffy. The embryonic mem- 
branes have been discarded. For the first day 
the chick lives on the remains of the yolk, 
which has been taken inside its body by the 
shrinking yolk sac. After the first day the 
chick is ready to eat. In most respects the de- 
velopment and the anatomy of mammals is like 
that of birds. 


chick’s body eventually forms the urinary 
bladder of the adult chicken; the re- 
mainder of the allantois is discarded at 
hatching, as are the other embryonic 
membranes. On its first day, the hatched 
chick lives on the remains of the yolk. 
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POLLINATION AND 
FERTILIZ ATION | wind, water, and insects 


Like animals, most plants reproduce sex- 
ually, the female gamete or egg being 
fertilized by the male gamete or sperm. 
The sperms of most plants, like those of 
animals, swim by means of flagella, and 
fertilization of plants is effected in water 
or in rainy weather. Important excep- 
tions are the flowering plants and most 
of the cone-bearing plants, such as pine 
and hemlock. Their sperms have no fla- 
gella and cannot move toward an egg un- 
der their own power, Rather, the sperms 
are formed inside pollen grains, small 
structures usually consisting of only two, 
three, or four cells. The pollen grains are 
produced in the stamens of flowers or in 
the pollen sacs of cones and are trans- 
ported—usually by wind or insects—to 
other flowers or cones. The transport of 
pollen is called pollination. 

Pollination precedes fertilization. In 
flowering plants, the pollen is effective 
only if it lands on the stigmas of the 
pistils. Most stigmas are sticky or have 


minute papillae that hold the pollen 
grains and keep them from falling off. 
The pollen grains germinate after land- 
ing on a stigma; they form a long pollen 
tube that grows down through the stigma 
and style to the ovary. The ovary con- 
tains one or more ovules, each of which 
contains a single egg. 

Usually two sperms are produced; 
they travel down the pollen tube and are 
discharged into the ovule, where one of 
them fertilizes the egg. The fertilized egg 
develops into an embryo plant; at the 
same time the ovule ripens into a seed, 
and the ovary matures into a fruit. Ordi- 
narily only one embryo is present in a 
seed; but the number of seeds in a fruit 
depends on the number of ovules orig- 
inally present in the ovary and on the 
number of fertilizations that were 
achieved. If an egg is not fertilized, its 
ovule usually does not develop into a 
seed, 

The second sperm produced by a pol- 
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INFLORESCENCES OF 
CORN — Corn is a mon- 
cecious, wind-pollinated 
plant with staminate flow- 
ers in the tassel (Illus- 
tration 1a) and pistillate 
flowers in the ear (Illus- 
tration 1b). The anthers 
dangle freely in the wind, 
which can catch the co- 
Pious pollen. Each silk 
is a long style with many 
stigmatic surfaces. The 
ovary of each pistil rip- 
ens into a kernel after 
pollination and fertiliza- 
tion. 


len grain of a flowering plar ot func- 
tionless. Within the ovule a ) nuclei 
called polar nuclei. The l sperm 
fuses with the polar nuck ming a 
polyploid cell that develops 1 tissue 
called endosperm. In sor ds the 
endosperm is sparse and do t persist 
in the mature seed. In othe: e endo- 
sperm becomes an importa »d-stor- 
ing tissue on which the emt lepends 
when it germinates. Much 1e nutri- 
tive value of cereal grains s is com, 
wheat, and rice lies in their » endo- 
sperms. 

The process of pollinatic d fertil- 
ization in coniferous trees r \les that 
of flowering plants, but th e some 


important differences. Co ive no 


pistils, but the ovules are ņ on the 
surface of the cone scales effec- 
tive, pollen must land on ule. If 


pollination and fertilizatio ur, the 


ovule ripens into a seed, because 
there is no ovary, no fruit »ps. Be- 
cause the ovule contains no nuclei, 
nothing resembling the « rm of 
flowering plants is produce: 

AGENTS OF POLLINATI( 

Because pollen is incapable moving 
under its own power, it must be trans- 
ported by external agents. Wind and 


insects are the most common agents of 
pollination, but other small animals trans- 
port pollen as well. In a few species of 
aquatic plants, pollen is carried by water. 

Plants that are pollinated by wind 
produce pollen in great quantities. This 
is necessary because wind does not often 
blow pollen directly toward flowers of 
s. Much of the pollen is 


the same spec 


pollen’ 

tube 
GERMINATIC. OF A POLLEN GRAIN OF 
CORN—Afte ing on a receptive stigma, 
the pollen 9 rms a long pollen tube that 
grows thro. » style to the ovary. 
wasted, a ly a minute portion of it 
lands on eceptive stigma. Wind- 
blown poll light and powdery; these 
characteri ermit it to be transported 
long dista 

Wind-pi ited plants include many 

of the coi and grasses. Among the 
latter are corn, wheat, and other eco- 
nomically iroportant cereal grains. The 


petals and sepals of most wind-pollinated 
flowers are small and inconspicuous or 
even lacking; thus, they do not interfere 
with the passage of pollen. The stigmas 
or styles of wind-pollinated plants often 
are long or branched, thus increasing the 
amount of surface area receptive to the 
pollen. Some of the spring-flowering 
trees, such as birch, poplar, oak, and wal- 
nut have their flowers in slender inflores- 
cences called aments or catkins. The 
aments are produced before the leaves 


emerge and are exposed to the wind. 

Animal-pollinated flowers have adap- 
tations, many of which are the opposite 
of those of wind-pollinated flowers. In- 
sects are the most common animal pol- 
linators, and of these, bees, butterflies, 
and moths probably are the most im- 
portant. These animals do not move hap- 
hazardly among flowers of different spe- 
cies, but usually visit only flowers of one 
species within a given period of time. 
Transport of pollen, therefore, is much 
more direct than when wind is the trans- 
porting agent. For this reason insect- 
pollinated flowers need produce rela- 
tively small quantities of pollen. The 
pollen is sticky, ensuring that at least 
some of it will adhere to the body of the 
insect. 

Insect-pollinated flowers often pro- 
duce a sweet nectar that is used by the 
insects as food. The visits of the insects 
to the flower are, of course, to obtain this 
food; and the insects are probably un- 
aware that they are transporting pollen 
at the same time. Some insect-pollinated 
flowers, such as snapdragons and some 
mints, have petals fused into a tube open 
at only one end; as the insect moves 
about in the tight quarters within the 
flower, it can hardly avoid depositing 
some pollen that it received from a pre- 
viously visited flower and receiving fresh 
pollen from the present flower. Many 
flowers have bright, colorful petals that 
attract insects; among them are the 
orchids, composites, milkweeds, snap- 
dragons, and mints. Poinsettia has bril- 
liant bracts that perform the same func- 
tion. 

Odors of various sorts are emitted by 
many flowers when they are ready for 


DICHOGAMY—The stamens in the flowers of 
Jacob’s ladder (Polemonium caeruleum) ma- 
ture before the stigmas are receptive (Illustra- 
tion 3a). When the anthers shed their pollen, 
the three lobes of the stigma are folded to- 
gether. After the pollen is shed, the stigma 
lobes spread apart (Illustration 3b) and are re- 
ceptive to pollen from other flowers. Illustration 
3c shows the complete flower. 
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insect pollination. Some plants, such as 
clover, which is pollinated by bees, pro- 
duce a fragrant perfume that is pleasant 
to human beings as well. On the other 
hand, such fly-pollinated plants as car- 
rion flower attract flies by producing an 
odor resembling that of rotting meat. 
Some orchids resemble certain female 
insects in size, shape, color, and odor; 
they are pollinated by male insects that 
approach them in an apparent attempt to 
mate with them. Most bee- and butterfly- 
pollinated flowers are open by day when 
these insects are active. Moth-pollinated 
flowers tend to open at night, when most 
moths are active. 


CROSS-POLLINATION 


It is a general rule in the biological 
world that inbreeding is less desirable 


genetically than outbreeding. Outbreed- 
ing produces a larger variety of genetic 
types, and ordinarily produces sturdier 
offspring. Most species have adaptations 
that make self-fertilization impossible or 
unlikely. Some exceptions are tomatoes, 
peas, tobacco, and cotton, which are 
self-pollinated regularly. 

Self-pollination is impossible in those 
plants that have staminate flowers (flow- 
ers with stamens but no pistils) and 
pistillate flowers (those with pistils but 
no stamens) on separate plants. Such 
plants are dioecious; willows, date palms, 
and hemp are examples. Monoecious 
plants have staminate and pistillate flow- 
ers on the same plant; self-pollination is 
possible but less likely than cross-pollina- 
tion. Monoecious plants include oaks 
walnuts, and com. 

Some plants with perfect flowers 


HETEROSTYLY—Some cornflowers (//oustonia 
caerulia) have short stamens and long styles 
(Illustration 4a), while others have iong sta- 
mens and short styles (Illustration 4d). Insects 
transfer pollen from short stamens to short- 
styled pistils and from long stamens to long- 
styled pistils, 

(those with both pistils and stamens) 
are self-incompatible, the pollen failing 


to germinate if it lands on a pistil of the 
same plant. Many fruit trees are self- 
incompatible; to ensure fruit, a farmer 
plants trees of at least two varieties of 
the same species in his orchard. 

Dichogamy is the maturation of sta- 
mens and pistils of the same flower at 
different times. Flowers of Jacob’s lad- 
der and red clover release their pollen 
before the stigmas are receptive, and an 
avocado flower sheds its pollen when 
the stigma is no longer receptive. Be- 
cause different flowers of the species are 
in different stages at any one time, cross- 
pollination is likely. 

Heterostyly is an adaptation exhibited 
by comflowers, primroses, buckwheat, 
and loosestrife. In some flowers, the sta- 
mens are short and the styles are long; 


INSE POLLINATION IN SAGE—The flowers 


of s>;+ (Salvia pratensis) are dichogamous. 
The «-smens mature before the stigmas are 
rec e (Illustration 5a). The bases of the 
two yens are fused. If the fused bases are 
pus ackward, the anthers are tilted down- 


ward and forward (Illustration 5b). When a 
bee enters a young flower in search of nectar, 
its head strikes the bases of the stamens, 
and pollen from the anthers is deposited on 
its back (Illustration 5c). In older flowers the 
style bends downward and forward. If a bee 


enters the flower, the stigmas are brushed 
by the bee’s back (Illustration 5d). If the 
bee carries pollen from a visit to another 
sage flower, pollination is achieved. When the 
stamens ripen before the stigmas, dichogamy 
is known as protandry. 
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in other flowers of the same species, the 
stamens are long and the styles are short. 
When an insect enters a flower with short 
stamens, the pollen is deposited on its 
body in such a position that it will be 
brushed onto the stigma of only a short- 
styled flower that it might visit later. On 
the other hand, if the insect visits a 
flower with long stamens, the pollen it 
receives will be transferred only to the 
stigma of a long-styled flower. 


CONTROLLED POLLINATION 
WITH HONEYBEES 


Although the honeybee is not the most 
efficient pollinator for some plants, it is 
the only insect that can be controlled so 
that desired numbers can be obtained 
where and when needed. Of course, the 
plants that require insect pollination al- 


ways did require it; and it occurred nat- 
urally until the practices of modern agri- 
culture produced extensive areas of pure 
stands of crops that produce pollen and 
nectar for a relatively short portion of the 
year. Because insect pollinators, espe- 
cially honeybees, need a steady supply of 
food throughout their active period, they 
have been forced to disperse to more 
promising wild fields, and many pollina- 
tors have been greatly reduced in num- 
ber. The extensive use of herbicidal chem- 
icals to eliminate weeds and to control 
insect pests (which are pollinators as 
well) has intensified the problem. 

The number of bees needed for effi- 
cient pollination varies with the crop. One 
colony per acre is usually recommended 
for fruit trees; two to four colonies may 
be needed for abundant blooms, such as 
clover or alfalfa; and melons may need 


only one colony to several acres. If the 
crop is not a major honey plant but re- 
quires pollination at the time the honey 
crop usually is produced, the beekeeper 
must be paid enough for the services of 
the bees to cover not only the cost of 
moving but also the value of the honey. 
Nor does the presence of the bees assure 
the pollination of a particular crop; an- 
other plant blooming within the flight 
area may attract the bees. In some areas, 
food plants are lacking in certain seasons; 
thus, bees must be introduced when the 
blooming begins and removed as soon as 
pollination is over. Despite such limita- 
tions, farmers and beekeepers, with the 
aid of entomologists, have developed a 
rather successful use of honeybees in the 
pollination of major crops. The value of 
bees as pollinators exceeds the value of 
their honey and wax production. 
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DIGESTION AND 
ABSORPTION | functions of the digestive system 


A balanced meal is rich in nutrients. 
Meats and milk provide proteins and 
fats. Potatoes, rice, and bread contain 
starch, and many fruits are sources of 
sugar. Vegetables vary a great deal in 
their nutrient content. In their natural 
state most foods contain a significant 
quantity of some vitamins and minerals. 
All of these substances are of potential 
value to the human body, but after they 
are eaten, they must be absorbed from 
the lumen of the digestive tract into the 
cells of the body before they can be uti- 
lized. Many of the food molecules are 
insoluble macromolecules that cannot be 
absorbed by the body, and they must be 
digested to their smaller soluble compo- 
nents, which can be absorbed. It is the 
function of the digestive system to di- 
gest starch and disaccharides to mono- 
saccharides, fats to glycerol and fatty 
acids, and proteins to amino acids; and 
then to absorb the products of digestion. 


DIGESTION 


The macromolecules in foods are quite 
stable and are not likely to be digested 
to simple compounds in the absence of 
enzymes. Once they enter the human 
digestive system, however, foods are ex- 
posed to an array of digestive enzymes. 
In order to function, enzymes must make 


physical contact with their substrates. 
Because enzymes themselves are macro- 
molecules, they cannot penetrate readily 
into solid masses of food and can act 
only on the substrate molecules at the 
surface of any piece of food. The me- 
chanical breaking up of food into smaller 
pieces speeds digestion by exposing more 
surface area on which enzymes can act. 

The digestive process can be divided 
into mechanical digestion and chemical 
digestion. The former includes chewing, 
manipulation of food with the tongue, 
chuming movements of the stomach, and 
segmental contractions in the small intes 
tine. Chemical digestion, or hydrolysis, is 
catalyzed by enzymes. In many of the 
digestive organs, both types of digestion 
occur simultaneously. 

The first phase of mechanical diges- 
tion is accomplished by the tecth as the 
food is chewed into small pieces. The 
presence of food causes the flow of saliva 
from the salivary glands in the mouth. 
Saliva contains amylase (sometimes called 
ptyalin), an enzyme that digests starch 
to maltose. Salivary amylase functions 
best in a slightly acid solution, and the 
pH of saliva usually ranges from 6.5 to 
6.8, slightly on the acid side of neutral. In 
addition to amylase, saliva contains mu- 
cus, a slippery substance that lubricates 
the food and eases passage along the di- 
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THE CHEMISTRY OF DIGESTION—Many of 
the food elements that man ingests are in- 
soluble and must be digested to simpler, 
soluble compounds before they can be ab- 


sorbed into the circulatory system. Enzymes 
produced by the digestive system catalyze 
these reactions, 


CHEMICAL DIGESTION OF SOME COMMON FOODS 


amylase 


starch + water ——————> maltose 


maltase 
maltose + water —————— glucose 


Sucr: 
sucrose + water ——————> glucose + fructose 


lactase 


lactose + water —————> glucose + galactose 


ji pepsin, trypsin, 
proteins + water —————> polypeptides 


chymotrypsin 


polypeptides + water 


carboxypeptidase, 


amino acids 


aminopeptidase 


fats + water 


fatty acids + glycerol 


gestive tract. 

Starch is a polysaccharide formed by 
condensation reactions between glucose 
molecules; the digestion of starch is not 
exactly the reverse of this, for amylase 
does not remove glucose units from the 
starch molecule. Rather it removes di- 
saccharide units that are maltose mole- 
cules. These are further acted on by the 
enzyme maltase in the small intestine, 

The chewing action of the tecth and 
the manipulation of the food by the 
tongue assist in the mixing of the amyl- 
ase with the particles of food. Because 
food remains such a short time in the 
mouth, relatively little of the starch 
present in food is digested there. If a 
starch food like bread is held purpos: 
in the mouth for a long time, the taste 
of sugar may be perceived as maltose 
accumulates. 

Food that is swallowed is conveyed 
quickly to the stomach through the 
esophagus by peristaltic action of the 
muscular wall of the esophagus. When 
food enters the upper part of the esoph- 
agus, a ring of muscles located just above 
the food contracts. At the same time, the 
muscles below the food are relaxed, A 
wave of muscular contraction moves 
down the esophagus, forcing the food 
to move downward ahead of it. During 
the short period of time that the food 
is in the esophagus, the amylase con- 
tinues to function; but when the food 
enters the stomach, the acid conditions 
there inactivate the enzyme. 

Pepsin is the protein-digesting enzyme 
secreted by glands in the mucosa that 
lines the stomach wall. Although pro- 
teins are synthesized by the addition of 
single amino acids to a growing poly- 
peptide chain, they are not necessarily 
digested that way. Pepsin attacks only 
certain places in a protein molecule; it 
splits peptide bonds next to only two 
amino acids, phenylalanine and tyro- 
sine. The products of this digestion are 
polypeptide chains, their numbers and 
their lengths depending on the size of 
the original protein molecules and the 
location of phenylalanine and tyrosine 
within the molecule. The polypeptides 
are digested further by other enzymes 
in the small intestine. 

Pepsin functions best in a highly acid 
pH, and this is provided by the hydro- 
chloric acid that is secreted by the di- 


meat carbohydrates 
ilk (protein) fats (sugars) 


ALIMENTATION AND GASTRIC DIGESTION— 
Food undergoes various modifications in the 
stomach, as the illustration shows. The in- 
trinsic factor, a complex substance that is 
secreted by the gastric mucosa, unites with 
vitamif.By2 (taken in by mouth with proteins) 
and prevents the destruction of vitamin Bia 
during digestion. The food, which has already 
been partially decomposed by various enzy- 
matic progesses, passes from the stomach 
to the intdstine, where its decomposition is 
completed. 


fm casein, the protein in 


milk, undergoes a process 
of coagulation 


molecules of 
coagulated casein 


: j 


ag vitamin B,, 


peptone 


intrinsic fats, in general, pass simpler 
factor h 
almost unchanged throug! sugars 
o the intestine 


Q 


carbohydrates are broken down into 
more simple sugars by the action of 
ptalin 


stomach f 
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gestive glands of the stomach. Gastric 
juice has a pH of 1 when it is formed; 
after dilution with food reaching the 
stomach, it has a pH of about 3. Pepsin, 
like other enzymes, is a protein. It is 
synthesized within the cells of the stom- 
ach glands in the form of a somewhat 
larger protein molecule, pepsinogen, 
which has no enzymatic activity. When 
the pepsinogen is secreted into the lu- 
men of the stomach, contact with the 
hydrochloric acid removes part of the 
molecule. The remaining portion is the 
active enzyme pepsin. Contact with pep- 
sin already present in the stomach also 
converts pepsinogen to pepsin. 

Rennin is an enzyme secreted by stom- 
ach glands of young mammals, whose 
main protein source is the casein of milk. 
Casein is a soluble protein that would 
pass through the stomach too quickly 
to be digested if it were not for rennin, 
which coagulates the casein to an insol- 
uble curd. In this form, casein moves 
much more slowly through the stomach 
and is exposed to the action of pepsin 
for a longer period of time. 

The secretion of gastric juice by the 
stomach glands ordinarily occurs only 
when food is present in the stomach or 
is likely to be present soon. The arrival 
of food in the stomach initiates the se- 
cretion of the hormone gastrin, from 
cells of the stomach mucosa, into the 
bloodstream, When gastrin reaches the 
stomach glands, it causes them to secrete 
gastric juice into the stomach. 

Mechanical digestion continues in the 
stomach, Peristaltic movements of the 
strongly muscular stomach wall churn 
the stomach contents, thus breaking solid 
pieces of food into still smaller particles 
and mixing them well with the several 
secretions of the stomach wall. The stom- 
ach contents, or chyme, become liquefied 
and are forced by peristaltic movement 
into the small intestine. 

Chyme entering the duodenum of the 
small intestine still contains a great deal 
of undigested material, much of which 
is acted on by the enzymes produced in 
the pancreas and in glands in the mu- 
cosa of the intestinal wall. 

Pancreatic juice contains a mixture of 
enzymes and sodium bicarbonate. The 
enzymes function best in a slightly alka- 
line solution, Sodium bicarbonate is al- 
kaline; it neutralizes the acid chyme 
when the latter reaches the duodenum 
and makes it alkaline with a pH of about 
8.5. Pancreatic juice contains amylase, 
lipase, and several enzymes that digest 
proteins and polypeptides. The amylase, 
like the amylase of the saliva, digests 
starch to maltose. 

Lipase digests fats to glycerol and 


fatty acids. Fats are not soluble in water, 
and they tend to unite into large glob- 
ules that present only a relatively small 
surface area to the enzymes. Bile salts, 
present in the bile produced in the liver, 
stored in the gall bladder, and secreted 
into the small intestine, emulsify fats. 
Emulsification is the breaking up of the 
large fat globules into small, stable drop- 
lets. This increases the amount of sur- 
face area exposed to lipase, thus hasten- 
ing the process of fat digestion. 

Trypsinogen and chymotrypsinogen, 
secreted into the duodenum from the 
pancreas, are inactive precursors of the 
enzymes trypsin and chymotrypsin, re- 
spectively. After it enters the duodenum, 
trypsinogen is converted to trypsin by 
another enzyme, enterokinase, which is 
secreted by the cells in the wall of the 
intestine. Trypsin also effects this con- 
version as well as the conversion of chy- 
motrypsinogen to chymotrypsin, Trypsin 
and chymotrypsin catalyze the diges- 
tion of proteins to polypeptides. Tryp- 
sin breaks peptide bonds next to the 
amino acids arginine and lysine; and chy- 
motrypsin breaks bonds adjacent to 
phenylalanine, tyrosine, tryptophan, 
methionine, and leucine. The products 
of trypsin and chymotrypsin digestion 
are polypeptides of various kinds. 

Carboxypeptidase secreted by the pan- 
creas digests polypeptides by the removal 
of amino acids one at a time from the 
free carboxyl end of the polypeptide mol- 
ecule. The products of carboxypeptidase 
digestion are amino acids. 

Aminopeptidase is another polypep- 
tide-digesting enzyme, but it is pro- 
duced by the glands in the mucosa of 
the duodenum of the small intestine. 
Like carboxypeptidase, it functions by 
removing single amino acids from poly- 
peptide molecules, but it acts at the free 
amino end of the molecule. The mucosa 
of the duodenum produces several en- 
zymes that digest disaccharides to mono- 
saccharides. Maltase digests maltose to 
glucose; lactase digests lactose to glucose 
and galactose; and sucrase digests sucrose 
to glucose and fructose. 

The entrance of food into the duo- 
denum causes the production of three 
hormones, cholecystokinin, secretin, and 
pancreozymin, by the cells of the mu- 
cosa. Cholecystokinin stimulates the gall 
bladder to secrete bile; secretin causes 
the pancreas to secrete its alkaline pan- 
creatic juice; and pancreozymin causes 
an increase in the enzyme content of 
the pancreatic juice. The gastrin pro- 
duced by the stomach also stimulates 
secretion of pancreatic juice. 

As in other parts of the digestive sys- 
tem, mechanical digestion also occurs 


in the duodenum. At any given mo- 
ment, rings of smooth muscle contract, 
causing constrictions every few inches 
along this organ. Food is forced for- 
ward or backward into the intervening 
regions where the muscles are relaxed. 
A few minutes later, the contracted 
muscles relax, and some of the relaxed 
muscles contract. This alternate contrac- 
tion and relaxation of rings of muscles 
mixes the food with enzymes. Peristal- 
sis keeps food moving along the small 
intestine. 


ABSORPTION 


The products of digestion include 
monosaccharides, glycerol, fatty acids, 
and amino acids. These are all soluble 
in water to varying degrees and can be 
absorbed into the body through the 
cells of the wall of the small intestine, 
especially in the jejunum and the ileum. 
Here the inner surface of the wall is 
thrown into fingerlike folds called villi. 
The absorbing surfaces of the cells 
lining the villi have similar but smaller 
projections called microvilli; they are 
visible only through the electron micro- 
scope. These foldings increase greatly 
the absorbing area of the small intestine. 

Each villus is equipped with a blood 
capillary network that connects a small 
artery to a small vein. Blood flows from 
the artery into the capillary network 
where it absorbs the water-soluble prod- 
ucts of digestion. From here they move 
to the vein and then are carried by the 
blood to the liver. Here some of the 
molecules may be stored, or they may 
be carried to other parts of the body. 

Fat digestion usually is not carried 
to completion in the duodenum, and un- 
digested fat molecules are absorbed by 
the villi. These do not enter the blood 
directly, but they are absorbed into the 
lacteals, minute vessels of the lymphatic 
system, which transports lymph. Lymph 
resembles blood, but it lacks red blood 
cells and some of the proteins of blood. 
Some fatty acids, especially the larger 
ones, which are only slightly soluble in 
water, enter the body by way of the 
lacteals rather than the blood capil- 
laries. The lacteals empty into larger 
lymph vessels. These finally empty into 
the bloodstream in the subclavian veins 
in the upper part of the thorax. 

In addition to digested food, vita- 
mins and minerals are absorbed by the 
villi. Because most of the substances 
are absorbed against a concentration 
gradient, energy must be expended. 
This energy is released by the metabolic 
activities of the absorbing cells. The ab- 
sorption of some substances presents 


SUBSTANCES SECRETED BY THE DIGESTIVE SYSTEM 


SUBSTANCE SOURCE 


salivary glands 


stomach glands 
(secreted as 
pepsinogen) 


ochloric stomach glands 


stomach glands 
(young mammals 
only) 


stomach mucosa 


manufactured in 
liver and stored 
in gall bladder 


pancreas 
se pancreas 


dium pancreas 
bonate 


pancreas 
(secreted as 
trypsinogen) 


trypsin pancreas 
(secreted as 


chymotrypsinogen) 


pancreas 


xypeptidase 


kinase small intestine 


1opeptidase small intestine 
small intestine 
small intestine 
sucrase small intestine 
cholecystokinin small intestine 
secretin small intestine 
pancreozymin small intestine 


many glands 
throughout 
digestive system 


mucus 


peculiar problems. Most calcium salts 
are relatively insoluble and, therefore, 
would not be likely to be absorbed, but 
the presence of vitamin D and lactose 
greatly increases the ability of the body 
to absorb calcium. The linings of both 
the stomach and intestine secrete a sub- 


SITE OF ACTION 


mouth 


stomach 


stomach 


stomach 


stomach glands 
and pancreas 


small intestine 


small intestine 
small intestine 


small intestine 


small intestine 


small intestine 


small intestine 
small intestine 
small intestine 
small intestine 
small intestine 
small intestine 
gall bladder 
pancreas 
pancreas 


digestive tract 


FUNCTION 


digestion of starch to maltose 


1. conversion of pepsinogen to pepsin 
2. digestion of proteins to polypeptides 


1. conversion of pepsinogen to pepsin 
2. acidifying stomach contents to optimum pH for 
pepsin 


coagulation of the casein in milk 


stimulates stomach glands to secrete gastric juice and 
pancreas to secrete pancreatic juice 


emulsification of fats 


digestion of fats to glycerol and fatty acids 
digestion of starch to maltose 


neutralization of acid chyme entering the small intestine 
and rendering it alkaline 


1. digestion of proteins to polypeptides 
2. conversion of trypsinogen to trypsin 
3. conversion of chymotrypsinogen to chymotrypsin 


digestion of proteins to polypeptides 


digestion of polypeptides to amino acids 

conversion of trypsinogen to trypsin 

digestion of polypeptides to amino acids 

digestion of maltose to glucose 

digestion of lactose to glucose and galactose 

digestion of sucrose to glucose and fructose 
stimulation of gall bladder to secrete bile 

stimulation of pancreas to produce pancreatic juice 
stimulation of pancreas to produce pancreatic enzymes 


lubrication of food 


stance called intrinsic factor. It is es- 
sential for the absorption of cyanocobal- 
amin (vitamin Bı»), the antipernicious 
anemia factor. Persons who, because of 
some abnormality, do not secrete in- 
trinsic factor suffer from anemia. 

Some water is absorbed in the small 


intestine, but most of the water ingested 
with food is absorbed through the walls 
of the large intestine. The remaining 
material consists largely of indigestible 
material and is eliminated through the 
rectum and anus as compacted fecal ma- 
terial. 


45 


46 


THE PHYSIOLOGY 
OF THE KIDNEY | the excretion of toxic substances 


To be alive is to metabolize foods, and 
to metabolize foods is to produce wastes. 
All living things have one or more struc- 
tures devoted to the elimination of 
wastes. The human body has several: 
for example, the lungs that eliminate 
carbon dioxide with every exhalation; 
the sweat glands of the skin that excrete 
a liquid similar in composition to urine. 
But the principal organs of excretion in 
the human body are its two kidneys, 
through which about 75 percent of the 
body’s wastes are eliminated, 


AMMONOTELIC, UREOTELIC, 
AND URICOTELIC ANIMALS 


In their food, animals take in protein 
that is rich in nitrogen. During the me- 
tabolism of protein, the nitrogen is re- 
leased in ammonia (NH;), a highly 
soluble gas that is extremely toxic to 
cells. It is essential that this compound 
either be removed from the organism or 
be converted to a less toxic waste prod- 
uct. On the basis of the type of nitrog- 
enous compounds excreted, animals can 
be classified into three groups: ammono- 
telic animals excrete ammonia; ureotelic 
animals excrete urea; and uricotelic ani- 
mals excrete uric acid. 

Nearly all aquatic animals are am- 
monotelic, for when the ammonia is ex- 
creted into the environment it js quickly 
diluted as it spreads throughout the 
water which is present in abundance. 

Most mammals, including man, are 
ureotelic. In their livers, they convert 
two of the waste products of their me- 
tabolism—carbon dioxide and ammonia— 
into urea: 


(0) 


| 
NH.—C-NH,. 


Soluble in water, urea, which is trans- 
ported from the liver to the kidneys by 
the circulatory system, is not quite so 
toxic as ammonia. The function of the 
kidneys is to remove urea from the blood 
and to concentrate it in the urine, 

One group of ureotelic aquatic animals 
consists of the cartilaginous marine fishes, 


which animals live in salty water. If there 
were no adaptation to living in such an 
environment, the water in the bodies of 
these fishes would be drawn out of their 
bodies by the process of osmosis. Instead, 
they produce urea, which circulates in 
their bloodstreams at a concentration of 
more than 2 percent. Because of this, the 
osmotic pressure of their blood is a little 
higher than that of the seawater, and 
water does not diffuse out of their bodies. 

Uricotelic animals include those ter- 
restrial animals that live in dry areas 
where the water supply is limited. Liz- 
ards and snakes of the deserts, for in- 
stance, must conserve water and cannot 
excrete a great deal of it in their urine. 
These animals convert ammonia to uric 
acid, an insoluble compound that is not 
toxic. It can be excreted in a relatively 
concentrated form. Birds and insects also 
excrete uric acid. Many uricotelic ani- 
mals lay eggs with hard shells that must 
survive with only the quantity of water 
present in the egg when it was laid. In 
such a case the conversion of the meta- 
bolic wastes of the embryos to uric acid 
is especially valuable because it can be 
stored within the egg without poisoning 
the embryos before they hatch. 

Some organisms change their excretion 
products as they mature. The frog, which 
is an amphibian, is ammonotelic as a 
tadpole, but ureotelic as an adult. 


THE FUNCTION OF 
THE HUMAN KIDNEY 


The kidney consists of about a million 
nephrons, which are its functional units. 
The nephrons are served by blood vessels 
that bring to them blood containing urea 
and other waste products of metabolism 
and that carry away blood from which 
the wastes have been removed. The total 
volume of the body’s blood passes 
through the kidneys once in about 25 
minutes. 

Each nephron consists of four parts: 
Bowman’s capsule, the proximal con- 
voluted tubule, the loop of Henle, and 
the distal convoluted tubule. The renal 
arteries conduct blood from the aorta to 


THE RENAL FILTER—The kidney, one of the 
most complex organs of the human body, can 
be considered a compound tubular gland, for 
it contains about a million kidney tubules 
(nephrons). One end of the tubule, Bowman's 
Capsule, receives materials from the glomer- 
ulus, a tuft of blood capillaries. Bowman's 
capsule is a filter that permits most of the 
components of blood to enter the proximal 
tubule. Blood cells and large protein mole- 
cules are retained in the blood, but urea, 
glucose, salts, water, and other substances of 
small molecular weight pass from the blood 
into the hollow of Bowman's capsule. This 
liquid, the glomerular filtrate, then passes 
through the proximal convoluted tubule, the 
loop of Henle, and the distal convoluted tu- 
bule. These portions reabsorb much of the 
water, glucose, and salts that can be utilized 
again by the body. The capillaries that sur- 
round the convoluted tubules and the loop of 
Henle receive these substances and return 
them to the general circulation. Some addi- 
tional wastes are absorbed from these capil- 
laries to the tubules. 

The water and wastes that reach the col- 
lecting tubule from the distal convoluted tu- 
bule form urine. The urine passes from the 
Collecting tubule to the ureter, which conducts 
it to the urinary bladder. 


the kidneys, where they branch re- 
peatedly into small arterioles, each of 
which enters one Bowman's capsule. 
Within the capsule the arterioles branch 
into a tuft of capillaries, the glomerulus. 
This leads to another arteriole that de- 
parts from Bowman’s capsule. The affer- 
ent arteriole that leads into the capsule 
has a larger diameter than the efferent 
one that carries blood away from it. Be- 
cause of this, the blood in the glomerulus 
is under high pressure and some of its 
contents are forced out of the walls of 
the capillaries and through the inner- 
most wall of the double-walled Bowman’s 
capsule. The material that leaves the 
blood consists of water and the many 
water-soluble compounds present in the 
blood plasma—urea, glucose, salts, and 


other compounds. Only the large protein 
molecules and the blood cells cannot 
pass through the capillary walls and so 
remain behind in the blood. The work 
of filtering materials from the blood is 
thus performed by the heart, which by 
its pumping action maintains the high 
blood pressure in the glomeruli. The kid- 
ney functions in only a passive way at 
this point. 

The fluid filtered through the glomer- 
ulus is glomerular filtrate. In addition to 
wastes, it contains many substances that 
the body can use—glucose, salts, and 
much water. The reabsorption of these 
substances is the function of the remain- 
ing portion of the nephrons. The glomer- 
ular filtrate passes through the proximal 
convoluted tubule, the loop of Henle, 
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VARIATION IN THE CONCENTRATION OF 
URINE AND CONSEQUENT VARIATION IN 
OSMOTIC PRESSURE IN THE RENAL TIS- 
SUE—The concentration of urine and the 
osmotic pressure in the loop of Henle a in- 
crease in the descending limb, are at a max- 


and the distal convoluted tubule. These 
parts of the nephron are surrounded by 
a second net of capillaries that proceed 
from the efferent arteriole. The glomer- 
ular filtrate contains essentially the same 
dissolved substances that blood plasma 
does and has them in the same concen- 
trations. Under such conditions, sub- 
stances would not be expected to move 
from one of these fluids to another; how- 
ever, glucose, salts, and water do move 
from the tubules into the capillaries. This 
happens only if energy is supplied, and 
this energy comes from the respiration 
of kidney cells. If respiration is stopped 
experimentally in kidney tissue, reab- 
sorption stops. 


imum in the curve, and gradually decrease 
in the ascending limb. In the collecting tube 
b, the osmotic pressure of the urine again 
increases. The reabsorption of water concen- 
trates the urine to about 1 percent of the 
volume of the glomerular filtrate. 


The reabsorption of water concentrates 
the glomerular filtrate and reduces its 
volume considerably. The amount of 
glomerular filtrate produced by two kid- 
neys in a day varies a great deal from 
person to person and also with environ- 
mental conditions, but 150 liters (about 
150 qts) is a common figure. Of this, all 
but 1 or 2 are reabsorbed into the capil- 
laries from the convoluted tubules and 
the loop of Henle. 

The quantity of each substance reab- 
sorbed depends on the amount of that 
material present in the blood and the 
present need for it in the body. If much 
salt has been ingested, the amount of 
salt excreted in the urine is higher than 


if the salt content of the blood had just 
fallen. The final salt concentration in the 
urine depends more on the quantity that 


is reabsorbed in the tubules n the 
quantity filtered in the glomeru 

Ordinarily, all the glucose of ‘he glo- 
merular filtrate is reabsorbed ~to the 
blood. If, however, the glucos: content 
of the blood is high (more the | per- 
cent), as it is in diabetes, not of it is 
reabsorbed, and some of it is « ted in 
the urine. The presence of glu in the 
urine is one indication of dia 

The permeability of the ne 1 walls 
is influenced by several hor: s. The 
antidiuretic hormone ( ADH duced 
by the pituitary gland acts o: walls 
of the distal convoluted tubi nd in- 
creases its permeability, per ng the 
passage of water from the tu to the 
capillaries and concentrating filtrate. 
Aldosterone, produced by tho adrenal 
glands, regulates the reab ion of 
water. 

The capillaries surroundi; e neph- 
ron unite into a small vein t} ns sim- 
ilar veins and empties into t! il vein. 
The renal vein carries blo om the 
kidney to the inferior vena < ind thus 
to the general circulation of | ody. 

In addition to permitting orption 
of some substances, the lo Henle 
and the distal convoluted tu receive 
some additional wastes from apillar- 
ies. This process is called ti ur secre- 
tion, and it requires the ex liture of 
energy by kidney tissue. 

The final concentrated filtr s urine. 
It passes from the distal convoluted tu- 
bule, which receives urine from several 


nephrons. From the many collecting tu- 
bules of a kidney it proceeds to the ure- 
ter, which conducts it to the urinary 
bladder. 

In the process of forming urine, the 
kidney performs several other functions. 
The excretion of the proper amounts of 
several substances regulates the water- 
salt balance in the body and maintains 
the proper osmotic pressure of the body 
fluids. It also regulates the pH of the 
blood by excreting or reabsorbing acids 
or bases. In addition to this, it produces 
the enzyme renin, which, through a series 
of reactions, causes the production of | 
angiotonin (hypertensin), Angiotonin 
causes constriction of arterioles and thus 
regulates arterial pressure. 


THE PHYSIOLOGY. 
OF THE HEART | the cardiac cycle 


The circulatory system is the transporta- 
tion system of the body. It carries food, 
Ww oxygen, minerals, and hormones 
to the cells of the body; it also car- 
ri carbon dioxide and metabolic 
wates away from the cells to organs 
th an excrete them. The larger the 


animal, the more important this system 
becomes, because the cells of a large 
animal can no longer be supplied by 
direct diffusion from the environment. 
The circulatory system is composed of 
the heart, which pumps blood by way 
of arteries to all parts of the body; of 


capillaries, where exchange of materials 
takes place; and of veins, which bring 
the blood back to the heart. 

The heart operates in much the same 
way as does a pressure or force pump. 
Blood from all parts of the body except 
the lungs enters the right atrium (auri- 


T ARDIAC CYCLE AND THE ELECTRO- 
c OGRAM—This illustration shows the 
r aship between the electrical and me- 
¢ phenomena that take place during 
c activity. The cardiac cycle consists 
c phases: (1) systole of the atria; (2) 
s oi the ventricles; and (3) diastole. 
c trial systole the two atria contract 
s ously, sending the blood into the 
y through the open atrioventricular 
v ı this first phase the ventricles are in 
c The ventricles then contract in ven- 
tri diastole. Initially, the muscles of both 
v become tense without undergoing 
a nortening. The atrioventricular valves 
close nd when the pressure of the blood 
in th entricles rises above the pressure in 


the nary artery and aorta, the semilunar 
val to these blood vessels open and the 
blo vs into them as the ventricles con- 
tra r the ventricles are empty, the semi- 
lun ives close; ventricular diastole fol- 
low a new cycle is ready to start. The 


sinoatrial sA es 


tricular 
(5-A) node Se (A-V) node 


contraction of the heart begins in a portion 
of the right atrium, the S-A node, extends to 
both atria, then to the A-V node, the bundle 
of His, and hence to both ventricles. 

In 1903, the Dutch physiologist Willem 
Einthoven invented a machine for recording 
the electrical currents produced by the active 
heart. The modern version of this machine is 
the electrocardiograph (ECG or EKG), and the 
record that it transcribes is the electrocardio- 
gram.. The ECG is based on the well-estab- 
lished principle that an impulse traveling along 
a nerve or a wave of contraction along a 
muscle changes the assortment of ions on the 
outside and inside of the membranes. This 
brings about a change in the electrical po- 
tential of the cells—a change that can be 
observed on a galvanometer. The changes in 
the electrical potential in the heart during a 
cardiac cycle are transmitted to a galvanom- 
eter by way of electrodes applied to the 
surface of the skin at various parts of the 
body. The movements of the galvanometer 


needle are transferred to a recording pen 
that makes a continuous line on graph paper. 
From observing the recorded pattern of many 
hearts it is possible to determine the normal 
pattern and therefore, by comparison, to de- 
tect an abnormal pattern. The waves seen in 
the graph are due to the changes in the 
electrical potential of the heart as the wave 
of excitation that precedes the contraction of 
the muscle spreads from the S-A node through- 
out the heart. Any alteration in the process 
of conduction is immediately recorded on the 
ECG; hence, the great value of the electro- 
cardiograph as a diagnostic tool. 

Each wave on the graph corresponds to a 
change in the electrical potential of a different 
part of the heart. The P wave just precedes 
the contraction of the atria and so is due to 
the wave of excitation of that part of the 
heart. After a brief pause, the wave of exci- 
tation spreads over the ventricles, appearing 
as the QRS-complex wave. The T wave repre- 
sents the period of ventricular recovery. 
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cle). The return of the blood to the 
heart is due to: (1) the pressure of mas- 
saging action of skeletal muscles on the 
large veins; (2) the pressure from the 
contraction of the left ventricle—a pres- 
sure slightly diminished by its passage 
through arteries and capillaries; and (3) 
the suction of the expanding right 
atrium, which tends to pull the blood 
into the dilated atrium. From the right 
atrium the blood goes to the right ven- 
tricle and thence to the lungs by way of 
the pulmonary artery. In the lungs car- 
bon dioxide is lost and oxygen is picked 
up. The oxygenated blood goes back to 
the heart, entering the left atrium by 
way of the pulmonary vein. From the 
left atrium the blood goes to the left 
ventricle, which pumps the blood to all 
parts of the body except the lungs. From 
the capillaries the blood enters the veins 
and then moves back to the right atrium, 
thus completing one round trip. During 
the trip carbon dioxide, which the blood 
has picked up from all cells, is exchanged 
for oxygen, which is taken to all cells; 
digested and absorbed food and water 
is carried to all cells, and urea and other 
waste products of metabolism are taken 
to the kidneys for excretion. In order to 
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PROPAGATION OF THE IMPULSE IN CAR- 
DIAC TISSUE—This illustration shows the 
electrical activity that takes place in the heart 
as a wave of excitation travels over it. In Il- 
lustration 2a the impulse has traveled over 
the atria while the rest of the heart is at rest. 
The P wave is formed at this time. In Illus- 
tration 2b the impulse is traveling to the 


keep the blood moving regularly through 
the system, the heart is equipped with 
a number of important characteristics. 


HOW THE HEART IS ADAPTED 
TO ITS FUNCTION 


Like any pump, the heart has reservoirs 
(accumulating chambers), propulsive 
parts, valves to prevent backflow, and 
control devices. The two reservoirs or 
receiving parts of the heart are the left 
and right atria (also known as auricles), 
which have relatively thin muscular 
walls. The forwarding or propulsive 
parts of the heart are the left and right 
ventricles, which have thick muscular 
walls. Pocketlike valves that prevent 
backflow are located between the left 
atrium and left ventricle, between the 
right atrium and right ventricle, and at 
the points where the large arteries and 
veins enter and leave the heart. In mam- 
mals, the two sides of the heart are sep- 
arated by a partition, so that the mam- 
malian heart is a double pump with no 
connection between the two sides. The 
right side carries venous (unoxygenated) 
blood; the left side carries arterial (oxy- 
genated) blood. The control mechanism 


atrioventricular node, which shows as the Q 
wave. In Illustration 2c the impulse has 
reached the ventricles by way of the branches 
from the bundle of His. The ventricular excita- 
tion shows as QRS. Illustration 2d shows the 
ventricles returning to rest, shown as the 
T wave on the ECG. 
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consists of modified heart tissue (the 
myogenic control ) and nerves (the neu- 
rogenic control). 

The microscopic structure of heart 
tissue is also adapted to its function, 
Cardiac muscle, like the muscle attached 
to the skeleton, consists of long, multi- 
nucleated cells with conspicuous cross 
striations. Cardiac muscle, however, dif- 


fers from skeletal striated muscle in that 
the fibers (cells) branch, rejoin, and in- 
terlace. Moreover, they are arranged 
spirally in sheets around the ventricles; 
the sheets are separated by {yous tis- 
sue. The walls of the two ventricles, 
particularly the left, are co siderably 
thicker than the walls of the ‘wo atria. 
The muscle fibers of the atri: are not 
continuous with those in the « entricles, 
but the fibers of the two atrio are con- 
tinuous with each other, as the fi- 
bers of the two ventricles. Histologically, 
the myogenic control system ov impulse- 
conducting system looks something like 
cardiac muscle, except that the striations 
are less clear and more cytoplasm is 
visible. The myogenic cont system 
consists of two main parts: the sinoatrial 
node (S-A node), also calle 1e pace- 
maker, located at the point where the 
large vein from the head enter the right 
atrium; and the atrioventric) ar node 
(A-V node), located poster in the 
wall between the left and t atria. 
Bundles of modified card muscle 
(called the bundle of His) cxiend from 
the A-V node into the cardiac nuscle of 
both ventricles. The modific) cardiac 
muscle fibers of nodes and bundles are 


called Purkinje fibers. 


CHARACTERISTICS OF CARDIAC 
CONTRACTION 


Cardiac rhythm has always been consid- 
ered as an indicator of life and of the 
well-being of an animal. The complete 
cardiac cycle includes systole (the con- 
traction or working phase), diastole (the 
dilation phase), and a period of rest. 
In man at rest, the cycle lasts a little 
more than a second, the heart beating 
about 72 times a minute. The rate of 
heartbeat varies with age, sex, weight, 
amount of activity, and the emotional 
state of the individual. Other mammals 
have their characteristic rates—25 per 
minute in an elephant and 125 per min- 
ute in a rat, for example. 

Like other muscle tissue, cardiac mus- 
cle obeys the all-or-none law; that is, it 
either contracts or it does not. An indi- 
vidual fiber of skeletal or cardiac muscle 
cannot contract partially; it contracts 
fully or not at all. Cardiac muscle differs 
from skeletal muscle in that because of 
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ECG tracing from man was obtained in 1887 
through the use of a capillary electrometer. 
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In 1903 Willem Einthoven obtained tracings 
almost identical to modern ones by using a 
string galvanometer. 
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Baint E A 
AN €CTROCARDIOGRAM—The electro- 
car jh machine (ECG or EKG) makes a 
reac lled the electrocardiogram. A normal 
its hing, rejoining, and interlacing 
cha risties, the two atria form a sin- 
gle cle; the same holds true for the 
two tricles. 

( ic muscle, again like other mus- 
ck e, has a refractory period dur- 
ing h it cannot contract. If a ven- 
tri stimulated electrically during 
Sys 10 response occurs to that stim- 
uh however, the stimulus is applied 
dur istole when the ventricle is rest- 
ing nuscle will respond with an extra 
sys llowed by a longer than normal 
dias called the compensatory pause. 
Car muscle, therefore, is not irritable 
(is uot able to respond to a stimulus) 
whe ontracting; this is the refractory 
period 

If tension is exerted on skeletal or 
cardiac muscle so that it is stretched, 


it will contract more forcibly than nor- 
mally. When the large muscles of the 
body contract during exercise, more 
blood is propelled back to the right 
atrium by the squeezing action of the 
body muscles on the large veins. A 
greater quantity of blood coming to the 
right atrium during exercise means a 
greater stretching of the right atrium 
and right ventricle, and hence a more 
forcible contraction. Thus, more blood 
is sent to the lungs—an important adap- 
tation that provides more oxygen for 
working muscles of the body. This is 
Starling’s law of the heart. 

Perhaps the most remarkable property 
of cardiac muscle is its automaticity, 
that is, its ability to contract rhythmi- 
cally without the stimulus of a nerve 
impulse. This automaticity has been es- 


tablished by observation and by experi- 
ment. 

Frog and turtle hearts continue beat- 
ing for many hours after they have been 
removed from the animals’ bodies, pro- 
vided they are kept in physiological salt 
solution. 

Various factors that affect the rate of 
the heartbeat by affecting the pacemaker 
or cardiac muscle directly are tempera- 
ture, carbon dioxide content of the 
blood, acidity of the blood, and concen- 
trations of several of the hormones. 

The neurogenic center of heart con- 
trol is located at the base of the brain 
in the medulla oblongata. The function 
of the nerves that go to the heart is 
more to regulate the rate of contraction 
than to initiate or propagate the con- 
traction. Branches of the autonomic ner- 
vous system originate in the medulla 
and terminate at the pacemaker (S-A 
node). The vagus nerve (part of the 
parasympathetic nervous system) slows 
the rate of contraction, while branches 
from the sympathetic nervous system ac- 
celerate the heart rate. The vagus is 
probably the chief regulator. Acting as 
a brake, it can have a greater or lesser 
decelerating effect, depending on how 
strongly it counteracts the more constant 
speeding effect of the sympathetic ner- 
vous system. The heart-rate center in 
the brain is affected by many body 
sensations and by many emotional or 
psychological situations. A number of 
physiological situations also affect the 
heart-rate center. If the large veins enter- 
ing the right atrium are stretched due to 
an increase in the amount of blood return- 


ing to the heart during exercise, sensory 
nerves carry the stretch stimulus to the 
heart-rate center, which sends an accel- 
erator impulse to the pacemaker over 
the sympathetic nervous system. The 
heart then beats faster, sending more 
blood out of the aorta. Sensory impulses 
in the aorta then go to the heart-rate 
center, which sends braking impulses to 
the pacemaker, thus slowing the heart. 
Thus, the speed of the heart is auto- 
matically adjusted to the volume of 
blood entering the heart. 


NUTRITION OF THE HEART 


Like other muscle, heart muscle must 
have adequate supplies of food and oxy- 
gen. These are brought to the heart not 
by the blood that is being pumped 
through the heart, but by blood carried 
to the heart by the coronary artery, 
which branches off the aorta and ex- 
tends into the cardiac muscle. Here the 
artery breaks up into capillaries and 
eventually leads back to the coronary 
veins, which empty into the right atrium. 
Food for cardiac muscle is the same as 
for other tissues except that lactic and 
pyruvic acids from the breakdown of 
glucose in the skeletal muscle are par- 
ticularly important. To metabolize these 
acids, oxygen must be present; hence the 
extreme importance of oxygen for the 
proper functioning of cardiac muscle. If 
oxygen is in low supply, coronary blood 
vessels dilate, thus increasing the circu- 
lation to the heart muscle and hence 
increasing the amount of oxygen brought 
to the muscle. 
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THE CIRCULATORY 


SYSTEM 


Two requirements of any living cell are 
the acquisition of nutrients and the dis- 
posal of waste products. In large multi- 
cellular organisms, most of the individ- 
ual cells are not capable of performing 
these functions independently. In hu- 
mans and other large animals, the cir- 
culatory system carries these substances 
to and from the tissue cells. The blood 
receives food from the intestine and oxy- 
gen from the lungs and distributes them 
to tissues that require them. At the same 
time, the blood accepts waste products 
and carries them to the kidneys, lungs, 
and skin, from which they are excreted. 

The circulatory system of the human 
body is a closed one; the blood is con- 
fined to cylindrical vessels and the 
heart, which pumps blood through the 
vessels that penetrate nearly all the tis- 
sues of the body. Arteries are the vessels 
that conduct blood away from the heart. 
They branch into finer and finer arteries. 
Those that are so small that they cannot 
be seen with the unaided eye are called 
arterioles. These branch into even finer 
vessels called capillaries. 

Nearly every part of the body is served 
by capillaries, for it is through the cap- 
illary walls that the essential exchange 
of materials occurs between the blood 
and the various tissues. The total surface 
area of the capillaries of an adult human 
being is about 6,300 m* (about 7,500 
yd?). 

The capillaries anastomose with each 
other, forming a network or bed of cap- 
illaries. The blood leaving a capillary 
bed begins its trip back to the heart by 
entering a new set of vessels, the ven- 
ules. Like the arterioles, these are small 
vessels that cannot be seen with the 
naked eye. Venules unite into small 
veins, and these unite into larger and 
larger veins, the final veins emptying 
into the heart. 

The heart is an organ composed of 
four chambers, the walls of which are 
highly muscular. The two upper cham- 
bers are called atria or auricles; the two 
lower chambers are the ventricles. An 
opening permits blood to flow from the 
right atrium to the right ventricle, and 
another opening allows movement from 
the left atrium to the left ventricle; in 
the mature heart, however, there is no 
direct communication between the 

chambers of the right side and those of 


the heart, arteries, 
capillaries, and veins 


the left side. The right atrium and ven- 
tricle pump spent blood low in oxygen 
from the various parts of the body to 
the lungs, and the left atrium and ven- 
tricle pump oxygenated blood from the 
lungs to the rest of the body. The heart 
thus may be considered two pumps ly- 
ing side by side. In one complete circuit 
around the body, blood passes through 
the heart twice, once through the lungs, 
and once through one other part of the 
body. 

Spent blood from the body enters the 
right atrium of the heart and passes to 
the right ventricle. Between these two 
chambers, a valve prevents the flow of 
blood backward from the ventricle to 
the atrium. Because this valve is com- 
posed of three large cusps, it is called 
the tricuspid valve. 

The artery leaving the right ventricle 
is the pulmonary trunk, It, too, is sup- 
plied with a valve, the pulmonary valve, 
which prevents backward flow. The pul- 
monary trunk branches into the right 
and left pulmonary arteries, which pro- 
ceed toward the right and left lungs, 
respectively. Each pulmonary artery 
branches into smaller arteries called ar- 
terioles, and then into the capillaries 
that release carbon dioxide into the al- 
veoli of the lungs and absorb oxygen. 

The oxygenated blood then travels 
through the venules and small veins that 
unite into the right and left pulmonary 
veins. These empty their contents into 
the left atrium of the heart. A bicuspid 
valve (also called the mitral valve) per- 
mits blood to flow from the left atrium 
to the left ventricle. 

Departing from the left ventricle is 
the aorta, the largest artery of the body. 
The aorta rises upward from the ven- 
tricle, then curves and descends down- 
ward through the trunk, The three parts 
of the aorta are the ascending aorta, the 
aortic arch, and the descending aorta. 
From the aorta, arteries branch off that 
serve all the organs of the body except 
the lungs. On any round trip through 
the body, the blood usually goes through 
only one set of capillaries in only one 
organ. Blood going to the brain, for ex- 
ample, does not reach the kidneys or 
the stomach or the muscles of the arm 
without first returning to the heart. 

Arising from the ascending aorta are 
the coronary arteries, which branch into 


the muscle of the heart. The heart mus- 
cle is so thick and so active that it can- 
not be served adequately by the blood 
that flows through the heart chambers, 
Heart attacks are caused by the obstruc- 
tion of coronary arteries. 

From the aortic arch, three large ar- 
teries branch off: the innominate artery 
(which divides into the right common 
carotid and the right subclavian arteries); 
the left common carotid artery; and the 
left subclavian artery. The carotid arter- 
ies serve the head and neck, and the sub- 
clavian arteries serve the arms. 

The many branches of the descend- 
ing aorta serve the organs of the thorax 
and the abdomen. The descending aorta 
also branches into the two common iliac 
arteries, which serve the legs. Two of 
the abdominal arteries are the mesen- 
teric arteries, the capillaries of which lie 
in the intestinal walls and absorb di- 
gested food. Unlike most other capillar- 
ies, these do not empty into veins that 
lead to the heart; rather they empty into 
the hepatic portal system, which leads 
to the liver, where some of the food is 
deposited or further processed. The re- 
nal arteries have a special function; they 
carry urea, a waste product of metabo- 
lism, to the kidneys. Here the urea is 
removed from the blood. 

For most arteries there are corre- 
sponding veins that collect blood from 
the several organs of the body. The blood 
eventually is returned to the right atrium 
through either of two large veins: the 
superior vena cava, which receives blood 
from the head, arms, and thorax; and 
the inferior vena cava, which collects 
blood returning from the abdomen and 
the legs. 

Blood does not travel through the 
heart in a smooth continuous stream. 
Because the two atria contract simulta- 
neously and the two ventricles contract 
immediately thereafter, blood enters the 
arteries in spurts. Because the arteries 
near the heart are elastic, the flow 
blood becomes smoother, and the pulse 
becomes less and less noticeable with 
distance from the heart. In the capillar- 
ies and in the veins, no pulse is notice- 
able. 

Although the diameters of individual 
arteries decrease with distance from the 
heart, the total cross-sectional area in- 
creases because there are so many more 


SECTIONS—lilustration 1a shows a trans- 
verse section of an artery and a vein, photo- 
graphed under the microscope. (25 X) The 
artery has a thicker wall than the vein, and 
the lumen of the vein is narrower and more 
elongated. Illustration 1b shows a detail of 
the artery from the previous illustration. (80 
X) Illustration 1¢ shows a detail of the vein 


from Illustration 1a. (80 X) 

The walls of the larger arteries have a great 
deal of elastic tissue. These arteries are those 
near the heart—the pulmonary arteries, the 
aorta, the innominate subclavian, and the 
carotid arteries. These arteries expand and 
contract with the discontinuous flow of blood 
from the beating heart and convert it to a 
continuous flow. Smaller arteries have mus- 


cular walls. Veins have walls thinner than 
arteries of the same size, and they have fewer 
muscles or none. Because of this, veins col- 
lapse when blood pressure is very low and 
they usually appear to be flattened in micro- 
scope preparations. Valves in the veins pre- 
vent blood from flowing backward. 
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lumen of 
the capillary 


THE ARTERIOLES—This photograph shows a 
transverse section of two arterioles. The tunica 
intima is constituted of endothelium connec- 


3 


A CAPILLARY UNC 
ELECTRON MICROSC: 
photograph shows a 
section of a capillary 
a white corpuscle ca 
inside it. Also visib 

is the nucleus of on 
dothelial cells that ! 
men of the capillary 


white - 
corpuscle 


ytopläsm of the 
‘endothelial cell 


tive tissue and an internal elastic lamina; the 
tunica media is constituted mostly of smooth 
muscle cells; and the tunica adventitia is 


made up of connective tissue. M 
cells are visible in the interior. (20 


THE 
-This 
verse 
1 and 
seen 
2 end 
e en- 
e lu- 
00 X) 


arteries. The maximal cross-sectional area 
in the capillaries. The speed with 
blood moves decreases as the 
cross-sectional area increases. The ve- 
loc’ » of blood is lowest in the capillar- 
ies, ‘2us permitting more nearly com- 


ple exchange of materials between the 
bk and the tissues served. As the 

lo | returns to the heart, its velocity 
inc’ ases again, because the total cross- 
sec onal area of the veins decreases 
wi! nearness to the heart. 


od pressure drops gradually as the 
bl travels from the heart through the 


ar ;. It falls abruptly when the blood 
en the capillaries and then continues 
to ‘ease gradually until the blood 
rear’ es the heart. 

walls of the larger blood vessels 
coi st of three major parts. The tunica 
int). lies adjacent to the lumen of the 
ve The tunica media is next, and the 
tu adventitia is the outermost layer. 
TI mica intima may consist of three 
lay an inner endothelium, connec- 
tiv sue, and the elastica interna, the 
la əntaining elastic fibers. The tunica 
mi contains smooth muscle, the fibers 
of ch encircle the vessel; elastic fi- 
be f connective tissue may also be 
pr The tunica adventitia is a cover- 
ino | connective tissue; in the larger 
ve it contains nerves and smaller 
bi vessels, 

exact composition of the vessel 
w aries with the particular vessel. 
Ti rta, the pulmonary, innominate, 
su ian, and common carotid arteries 
ar istic arteries; their walls contain 
a ı proportion of elastic fibers. The 
othr arteries are muscular arteries with 
well-developed circular smooth muscle. 
Muscular arteries expand or contract as 


the need arises, The inner endothelium 
lines the lumen of all blood vessels and 
the heart. In the capillaries, the inner 
endothelium may be the sole constituent 
of the wall. 

Veins have thinner walls and less mus- 
cle than arteries of comparable size. 
Movement of blood in veins is due in 
part to the contraction and relaxation of 
muscles near the veins. This contraction 
and relaxation is very important in veins 
of the legs, especially when a person is 
in a vertical position. Veins are equipped 
with valves that prevent blood that has 
been raised from falling downward un- 
der the effect of gravity. 

The commonest disease of the heart 
and blood vessels is atherosclerosis. In 
this condition, the walls of the arteries 
thicken, narrowing the passageway and 
decreasing blood flow. If the coronary 
arteries are affected, obstruction of flow 
to the heart muscle can be fatal. 


THE CIRCULATORY SYSTEM—The diagram 
shows the heart and the larger arteries and 
veins of the human body. The function of the 
circulatory system is that of distributing nu- 
tritive substances and oxygen to the various 


tissues of the body and of carrying away their 
waste products, which are then eliminated by 
other organs. The heart is a muscular organ 
that pumps the blood through the arteries and 
veins. 
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THE VEINS OF THE THORAX—! of the 


veins of the anterior part of the tt empty 
into the innominate veins, which n flow 
into the superior vena cava. The costal 
veins of the right side of the bod y Into 
the azygous vein, and most of t of the 
left side empty into the hemiazy: in. 

1. left subclavian vein 

2. left innominate vein 

3. superior vena cava 

4. intercostal veins 

5. azygous vein 

6. hemiazygous vein 


THE HEART AND MAJOR VESSELS—The 
heart receives spent blood (indicated by 
blue) from various body tissues by way of 
the venae cavae (10 and 19), and sends it 
to the lungs through the pulmonary arteries 
(12 and 14). Fresh blood (indicated by red) 
rich in oxygen reaches the heart through 
the pulmonary veins (13 and 15) and leaves 
the heart by way of the aorta (17), the 
branches of which distribute the blood 
throughout the body. 

1, right jugular vein 

2. right subclavian artery 
3. carotid arteries 

4. right subclavian vein 
5. innominate artery 
6. 
7. 
8. 


. left subclavian artery 
. left subclavian vein 
. left innominate vein 
9. right innominate vein 
10. superior vena cava 
11. aortic arch 
12. right pulmonary artery 
13. right pulmonary veins 
14. left pulmonary artery 
15. left pulmonary veins 
16. left atrium 
17. ascending aorta 
18. right atrium 
19. inferior vena cava 
20. left ventricle 
21. right ventricle 
22. descending aorta 
23. fourth lumbar vertebra 
24. medial sacral artery 
25. right iliac artery 


THESER SIOEeG 


Res» »ation—a word of several meanings 
—r to a biochemical reaction pecu- 


lia: living cells, to the exchange of 
ga etween living things and their en- 
viro ent, and to breathing movements. 


F RESPIRATION 


Biochemical respiration is the process by 
which food is oxidized and releases en- 
ergy that living organisms use not only 
in growth and in repair of tissues, but 
also in the maintenance of cells in the 


a vital function 


living state. In nearly all animals and 
plants, biochemical respiration requires 
the gas oxygen (Ox). Aquatic organisms 
utilize the oxygen dissolved in water. 
Terrestrial organisms obtain it as a gas 


adult amphibians breathe by means of lungs. 
The arrows in the diagrams indicate the di- 
rection of movement taken by the oxygen and 
carbon dioxide. 


other aquatic animals have gills (Illustration 
1b). Insects respire by means of tracheal tubes 
(Illustration 1c). The diagram in Illustration 1d 
shows how mammals, reptiles, birds, and 


GAS EXCHANGE—Small aquatic animals have 
no special respiratory organs but exchange 
gases through the epidermis, as shown by the 
diagram for Illustration 1a. Fish and many 
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THE PULMONARY ALVEOLI—The pulmonary 
alveoli (a detail is shown here) are the termi- 
nal blind sacs of the lungs. They provide 


optimum conditions for respiratory inter- 
change. Their walls are monocellular, and 
oxygen from inspired air crosses only this 


thin barrier and the wall of the adjacent cap- 
illary of the circulatory system before reaching 
the blood. 


he air, but it ordinarily becomes 
ed in the water in living cells. 


cond meaning of the word respira- 


used only for those animals that 
irculatory systems. It refers to the 
ge of oxygen and carbon dioxide 
n the external environment and 
vod and between the blood and 
issue cells. The absorption of ox- 
om the environment by the blood 
: release of the waste product car- 
ixide to the environment from the 
s called external respiration, The 
of oxygen from the blood to tissue 
d the absorption of carbon diox- 
m these cells is called internal 
ton, 

hird meaning of respiration is ap- 
o the breathing movements of 
nimals that have lungs. These an- 
equire more oxygen than could 
the blood supply of the lungs 


merely by diffusion; therefore, coordi- 
nated muscular movements must force 
air into and out of the lungs. The taking 
of air into the lungs is called inspiration, 
and the release of air from the lungs is 
called expiration. 


SOME RESPIRATORY SYSTEMS 
OF ANIMALS 


The simplest of animals have no special 
respiratory systems. In unicellular an- 
imals, the entire surface of the cell is in 
contact with the environment, and an 
ample supply of oxygen can diffuse 
across the cell membrane and into the 
cell. Similarly, carbon dioxide can diffuse 
out of the cell quickly enough that a 
harmful concentration does not build up 
within the cell. 

Very small multicellular animals, espe- 
cially inactive ones, have no need for 


\.OBIN—This figure shows a structural 
! a heme molecule. It consists of four 
jroups around a central atom of iron. 


A hemoglobin molecule consists of four heme 
molecules in combination with a protein 
(globin). 


respiratory organs either; but those that 
have circulatory systems often have cap- 
illaries (the smallest of the blood vessels) 
under the epidermis. The blood runs so 


OXYGEN DISSOCIATION CURVES OF HEMO- 
GLOBIN—Shown are the dissociation curve 
of hemoglobin as a function of oxygen (blue 
line), and the same reaction based on physio- 
chemical laws (black line). At 30 mm Hg (ac- 
tual tissue pressure), 40 to 50 percent of the 
hemoglobin is saturated. If hemoglobin fol- 
lowed physiochemical laws, 80 to 90 percent 
would already be oxygenated, and only a small 
part would perform its function. 


4 


near the surface of the animal that it 
usually is separated from the environ- 
ment by only two layers of cells: the epi- 
dermis and the walls of the capillaries. 
Oxygen absorbed by these capillaries is 
carried by the blood to the inner tissues. 

Large or active animals require much 
more oxygen than can be absorbed 
through the unmodified external surface 
of the body. Fish and many other aquatic 
organisms have special respiratory organs 
called gills, which are bathed by water 
constantly. Gills are well supplied with 
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intercostal 
muscles 


carotid sinus 


THE REGULATION OF BREATHING—The con- 
trol of breathing is complex. Nervous impulses 
coming from several parts of the body are 


received by the respi 


muscles accessory 
to respiration 


aorta 


skin 


abdominal muscles 


ratory center (motor nerve 


cells in a crisscrossing matrix of nerve fibers) 


in the medulla oblon: 


gata. 


blood capillaries, and here, too, the blood 
flows very near the surface. A ‘sh’s gills 
absorb much more oxygen and release 
much more carbon dioxide the» ould its 
skin even if it were not cov red with 
scales. Gills are suitable only i aquatic 
or moist environments, for if r great 
surface area were exposed to ds, they 
would soon dry out and bec» ne non- 
functional. 

Terrestrial insects breathe bv means of 
tracheal tubes. These branching tubes 
open to the outside by a few openings 
called spiracles, and they ramify through- 
out much of the body. Thus y allow 
oxygen to reach tissue cells, but they do 
not permit much loss of wate: from the 
body by evaporation. 

Nearly all large, active, terestrial or- 
ganisms breathe by means of lungs. They 
include mammals, birds, rep'.\es, and 
many adult amphibians. | those 
mammals like whales that hav: reverted 
to life in the water have lungs er than 
gills. Lungs are pouches that ©» end into 
the body from external ope: in the 
nose and mouth. As in the « of the 
trachea of insects, they are r xposed 
to wind, and therefore the ount of 
water lost through them is x-pt to a 
minimum. The surface of a human lung 
is not smooth, but consists of numerous 
blind pouches called alveoli. Capillaries 


of the circulatory system lie adjacent to 
the epithelium of the alveoli, and they 
absorb oxygen from the air of the alveoli 
and release carbon dioxide to it. The 
respiratory surface of the two lungs of a 
human being is about 50 times that of 
his skin. 


THE STATE OF GASES 
IN THE BLOOD 


Oxygen is soluble in water, and therefore 
it can dissolve in plasma, the liquid por- 
tion of the blood. However, oxygen is not 
so highly soluble in water that the circu- 
lating plasma can bring to the cells of 
the human body all they require. The red 
blood cells are rich in the pigment he- 
moglobin, which under certain circum- 
stances has a great affinity for oxygen. 
Because of this, blood with its red blood 


lls can carry much more oxygen than 
can the plasma alone. About 98 percent 


of oxygen in the blood is carried by 
he lobin, and only 2 percent is pres- 
en the plasma. 

noglobin has a purplish color. When 
it bines with oxygen, it forms oxyhe- 
m in, which has a bright red color. 
Ti action, which is reversible, usually 


is en 


Hb + O: = HbO.. 


Or lecule of hemoglobin, however, 
cc of four heme molecules com- 
bir with a protein (globin). Each 
he ortion is capable of combining 
wit molecule of oxygen, and there- 
for » hemoglobin molecule may carry 
up sur oxygen molecules. The num- 
ber ends on several conditions, in- 
ch the concentration of oxygen and 
the reaction of the blood. 

\\hore the oxygen concentration is 
hig! it is in the lungs, hemoglobin 
ten ‘9 unite with oxygen. Where the 
Ox) concentration is low, as it is in 
tiss hat utilize it in chemical respira- 
tio \oglobin tends to release oxygen. 
Th vracteristic, of course, makes it an 
exc t transporter of blood in the body, 
for ccepts oxygen in the lungs and 
rel it where needed. 


A level, a barometer measures at- 
mos) «ric pressure as 760 mm of Hg 
(me y). Because oxygen accounts for 
only «bout % of the gases in the air, its 
tension: (pressure) is about 150 mm of 
Hg. ín the alveoli of the lungs, the con- 
centration drops somewhat, and its ten- 
sion is 105 mm. In the arteries that con- 
duct blood to the tissues of the body, its 
tension is only slightly less—100 mm. 

At oxygen tensions of 80 mm or higher. 
hemoglobin usually is 90 percent satu- 
rated or more; that is, the hemoglobin in 
the blood is carrying at least 90 percent 
of the oxygen it would if every molecule 
Were transporting four oxygen molecules. 
In actively respiring tissue cells, how- 
ever, the tension of oxygen rarely exceeds 
40 mm, and it may be as low as 0 mm. 
Under such conditions, the hemoglobin 
releases much of its oxygen. In the blood 
that returns to the lungs, the oxygen ten- 


sion is about 40 mm. At such low oxygen 
tensions, the hemoglobin is carrying 
much less oxygen than it otherwise might, 
and as it passes through the capillaries 
of the lungs, it picks up more oxygen and 
becomes nearly saturated with it once 
again. 

The more acid the blood, the less oxy- 
gen can hemoglobin hold. In actively re- 
spiring tissues, carbon dioxide is formed 
as a waste product. Some of it dissolves 
in the plasma, and it makes the blood 
more acid. Thus the production of car- 
bon dioxide by tissues increases the 
amount of oxygen liberated to them. In 
the lungs, the carbon dioxide leaves the 
blood and is exhaled. This makes the 
blood here a little more alkaline and in- 
creases the amount of oxygen that the 
hemoglobin can pick up from the alveoli. 

Only about 5 percent of the carbon 
dioxide in the blood is dissolved in the 
plasma. Most of it (about 85 percent) 
is transported as the bicarbonate ion 
(HCO,;~—), and about 10 percent com- 
bines with hemoglobin. The latter is re- 
leased from the hemoglobin when it 
reaches the lungs. 


REGULATION OF BREATHING 


Breathing is immediately under the con- 
trol of certain muscles—the diaphragm 
and the intercostal muscles (rib mus- 
cles). The contraction and relaxation of 
these muscles in turn is controlled by 
nervous centers in the brain. 

The lungs lie within the thoracic cavity 
of the chest. This cavity is surrounded by 
the rib cage, and it is separated from 
the abdominal cavity by the diaphragm, 
a large, dome-shaped muscle. An inspira- 
tion is caused by the contraction of the 
intercostal muscles and the diaphragm. 
As the intercostal muscles contract, they 
raise the rib cage slightly and move the 
ribs slightly forward. As the diaphragm 
contracts, it moves downward. Both of 
these actions increase the size of the 
thoracic cavity. This reduces the air pres- 
sure inside the lungs and causes air to 
move into them. When the muscles relax, 
the ribs are lowered and move inward, 
and the diaphragm bulges upward. 


These actions decrease the size of the 
thoracic cavity and force air outward in 
an expiration. 

The nervous control of the intercostal 
muscles and the diaphragm is complex. 
In part it involves a respiratory center in 
the medulla oblongata and the pneumo- 
taxic center in the pons. The respiratory 
center is divided into two portions—the 
inspiratory center and the expiratory 
center. 

Nerve impulses sent along motor neu- 
rons from the inspiratory center to the 
intercostal muscles and the diaphragm 
cause them to contract, and this brings 
about an inspiration. Sensory neurons 
with dendrites in the lungs transmit in- 
formation to the expiratory center when 
the lungs have stretched from inspira- 
tion. This causes the expiratory center 
to send inhibitory impulses to the in- 
spiratory center, which then stops send- 
ing impulses to the muscles. As the mus- 
cles relax, an expiration occurs. As the 
lungs become deflated, they no longer 
stimulate the sensory nerves to the ex- 
piratory center, which, in turn, stops 
sending its inhibitory impulses to the in- 
spiratory center. This completes one cy- 
cle of inspiration and expiration. Freed 
from inhibition, the inspiratory center 
transmits new impulses to the muscles 
to contract and begin another cycle. Or- 
dinarily this cycle is repeated automati- 
cally throughout the life of an individual 
without the necessity of his thinking 
about it. 

Some of the impulses traveling from 
the inspiratory center to the expiratory 
center go by way of the pneumotaxic 
center. 

The rate of breathing and its depth is 
controlled largely by the amount of car- 
bon dioxide in the blood, rather than 
the amount of oxygen. As carbon dioxide 
accumulates, the breathing becomes 
faster and deeper. Sense receptors in the 
aorta and in the carotid sinuses, small 
swellings in the carotid arteries, are espe- 
cially sensitive to changes in the carbon 
dioxide content of the blo 
nerve impulses that stimul: 
ratory and pneumotaxic ceni 
concentration of this gas bi 
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THE PHYSIOLOGY OR 
THE NERVOUS SYSTEM 


One of the characteristics of living mat- 
ter is the ability to respond to stimuli. 
This attribute is called irritability, sensi- 
tivity, or excitability. A stimulus is any 
change in the environment that produces 
a response. If the response is increased 
activity, the protoplasm is said to be ex- 
cited; if the response is decreased activ- 
ity, the protoplasm is said to be inhibited. 
Although the nervous system is immedi- 
ately thought of when irritability is men- 
tioned, all protoplasm is excitable in vary- 
ing degrees, whether or not a nervous 
system is present. A one-celled amoeba 
extending its pseudopodia to engulf food 
is irritable, and a seedling bending to- 
ward the light is irritable. Whether it is 
man or amoeba, excitation includes the 
reception of a stimulus, the transmission 
of that stimulus, and the response to that 
stimulus. The nature of the response in 
man varies depending on where the trans- 
mitting nerve ends. If it ends in muscle 
fibers, the muscle will contract; if it ends 
in a gland, the cells of that gland will 
secrete. 


CHARACTERISTICS OF THE 
NERVE IMPULSE 


The characteristics of the nerve impulse 
are the same in all animals that have a 
nervous system. The nature of the re- 
sponse, however, may differ. It becomes 
increasingly complex in the more highly 
evolved animals as the number of inter- 
connections between receptors and brain 
becomes more intricate. Although all pro- 
toplasm is irritable, the nervous and mus- 
cular systems have this characteristic to 
an outstanding degree. 

A change in the environment may not 
necessarily be a stimulus because it may 
not be strong enough to bring about the 
chemical and physical changes in the 
receptor cell that would lead to the for- 
mation of a nerve impulse. Furthermore, 
nerve cells may become adjusted to grad- 
ual and uniform changes so that a change 
in the environment, if slow and uniformly 
applied, may not act as a stimulus. This 
principle is known as accommodation. 
But sufficient speed and sufficient inten- 
sity are necessary characteristics of a 
stimulus. Both these factors can be de- 
termined precisely by using electrical 
stimuli and recording devices. From such 
experiments, usually conducted on a 


nerve-muscle preparation, a number of 
principles have been determined. A 
nerve-muscle preparation consists of an 
excised nerve still attached to the mus- 
cle it supplies, so that as the nerve is stim- 
ulated the response in the muscle may 
be observed and measured. Among the 
important characteristics observed in 
this manner are the following: 

1. There must be an adequate stim- 
ulus in order to have a response take 
place. The term rheobase is used to de- 
scribe the minimum current needed to 
excite a nerve. Any stimulus under this 
minimum is subliminal (too weak) to 
produce a detectable response. 

2. If a number of subliminal stimuli 
are applied very close together, they 
have a reinforcement effect. This rein- 
forcement is known as the summation of 
subliminal stimuli. The nerve will re- 
spond to a rapid series of subliminal 
stimuli, any one of which alone would 
not produce an effect. 

3. However, if a second stimulus is 
sent within a very short time, about 0.4 
milliseconds, after the first one, there is 
no response. The time during which ir- 
ritability is completely lost is called the 
absolute refractory period. As irritabil- 
ity is regained, there is a period, called 
the relative refractory period, during 
which a stimulus of more than normal 
minimal strength is required to produce 
an impulse. The refractory periods are 
explained by the nature of the nerve im- 
pulse. When a fiber is at rest with no 
impulse traveling along its length, the 
fiber is polarized, with positive sodium 
ions lined up on the outside of the fiber 
and negative ions such as chlorine on the 
inside of the fiber. A stimulus increases 
the permeability of the membrane, allow- 
ing the positive ions on the outside to 
travel to the inside, thus reducing its 
internal negativity. The fiber is thus de- 
polarized for a short distance near the 
point of stimulation. Depolarization at 
this point induces depolarization farther 
along the fiber. This wave of depolariza- 
tion constitutes the nerve impulse. Since 
a measurable amount of time is required 
to repolarize after the impulse has passed, 
there is a short time (the refractory pe- 
riod) when a nerve cannot carry an im- 
pulse; hence, no response to a stimulus 
is possible. 

4. Not only must a stimulus be of at 


Z 
ZL 


A MOTOR END PLATE — This 


illustration, 
drawn from an electron microscope photo- 
graph, shows a neuromuscular junction. The 


least minimal intensity, it must also act 
for a certain length of time to produce a 
response. Within limits, the stronger the 
stimulus, the shorter the time needed for 
its application. This can be expressed as 
a= iX t, where a = the response, i= the 
intensity of the stimulus, and t = the du- 
ration of the stimulus. Because the exact 
minimum of intensity (rheobase) is dif- 
ficult to determine because of the accom- 


- collagenous fibers of 
ve tissue myofibril 


muscle 


connec 


expanded end (motor end plate) of an axon 
is shown lying against a muscle. At this point 
the impulse is transmitted from the neuron to 


7 3 = a 

the muscle, thus causing the contraction of 
the muscle. The motor end plate contains 
synaptic vesicles like those found in the end- 


ings of axons at a synapse, the tiny space be- 
tween two neurons in a chain of neurons that 
are formed by nerve cells in higher animals. 


modation principle, a value that repre- 
sents intensity and duration is commonly 
used in describing the excitability of a 
tissue: chronaxy. It is the time needed 
by a current whose intensity is twice 
that of the rheobase to bring about a 
response. While rheobase expresses ex- 
citability in relation to the intensity of 
the current, chronaxy relates excitability 
to both intensity and time. 


CHRONAXY OF VARIOUS 
NERVES AND MUSCLES 
(in milliseconds) 


sciatic nerve of frog 0.3 
gastrocnemius muscle of frog 0.3 
ventricle of frog heart 3.0 
ventricle of dog heart 2.0 
neuron of earthworm ganglia 100.0 
flexor muscle of human arm 0.08 


—_ 


5. Nerve fibers, like muscle fibers, 
either respond or do not respond. In both 
cases this phenomenon is called the all- 
or-none law; it is sometimes hard to dem- 
onstrate because nerves and muscles are 
both composed of numerous fibers (ax- 
ons, dendrites, or muscle cells), so that 
when the tissues are stimulated, many 
individual fibers are excited. The num- 
ber of excited tissues depends on the 


' dendrites 


nucleus 


myelin —— 
sheath 


uclei of 
chwann’s cells 


Schwann’s sheath 
(neurilemma) 


A NEURON: THE BASIC UNIT OF THE NER- 
VOUS SYSTEM—The nervous system is com- 
posed of nerve cells (neurons) with short, 
branching processes or fibers (dendrites) and 
a long process (axon) that does not branch 
until near its end. Dendrites receive stimuli 
and pass the impulse to the cell body. From 
there the impulse travels to the axon, which 
carries it away from the cell body. Most axons 
are covered with a myelin sheath and a neuri- 
lemma (sheath of Schwann). 


intensity and duration of the stimulus. 
If at one time a nerve seems to respond 
more vigorously than at another time, it 
may not mean a difference in the nature 
or strength of the impulse traveling along 
a fiber, but merely a difference in the 
number of fibers responding. 


NEURONS 


While irritability is one of the character- 
istics of all living cells, nerve cells (neu- 
rons) have it to an extraordinary degree. 
The structure of the neuron is adapted to 
this function. It has a cell body with a 
nucleus, similar to all cells, and a number 
of long extensions or processes from the 
cell body. Usually, although not always, 
there are a number of rather short, much 
branched extensions (processes or fibers) 
called dendrites, which bring the nerve 
impulse into the cell body, and one axon, 
which carries the impulse away from the 
cell body. Axons are usually long, smooth, 
and straight, with few branches until the 
terminal arborization is reached. Nerves 
are made up of bundles of neuron proc- 
esses—axons, dendrites, or both. 

Neurons may be classified in various 
ways. One method of classification de- 
pends on whether or not a myelin sheath 
encloses the axons—although recent stud- 
ies using the electron microscope and 
very high powers of magnification make 
the distinction less clear than was for- 
merly thought. Unmyelinated nerve fibers 
have a very thin sheath or neurilemma 
around the axon made of the expanded 
cytoplasm of Schwann’s cells. Myeli- 
nated fibers, which are much more com- 
mon, have a layer of myelin wrapped 
around the axons. Myelin occurs in seg- 
ments with small gaps between the seg- 
ments. Chemically, myelin is a lipoid or 
lipoprotein. The neurilemma (sheath of 
Schwann) is outside the myelin and dips 
down between the myelin segments to 
touch the axon cylinder at the nodes of 
Ranvier. A factor that influences the speed 
of the impulse is the diameter of the 
fiber. The greater the diameter, the faster 
the impulse travels. Myelinated fibers, 
even without their covering of myelin, 
are usually greater in diameter than un- 
myelinated fibers. 

Another way in which neurons may be 
classified depends on whether they are 
sensory or motor in function. Sensory 
(afferent) neurons and nerves carry im- 
pulses from sense receptors toward the 
central nervous system (brain and spinal 
cord). Motor (efferent) neurons and 
nerves carry impulses away from the 
central nervous system to some effector 
organ such as a muscle or a gland. Still 
another way of classifying nerves is to 


separate them according to whether the 
impulses they carry cause excitation or 
inhibition of the tissue that they inner- 
vate. The different effects obtained by 
the stimulation of different nerves are 


due to the different organ or tissue to 
which the stimulus is sent, and no! to the 
nature of the impulse itself. The “pulse 
that travels along a neuron is a!» ays the 
same in chemical-physical prop: ies, 
THE SYNAPSE 

The terminal branches of the idrites 
may act as sense (stimuli) rec rs, or 
they may lead away from a m sense 
organ such as the eye or ea e ter- 
minal branches of the axons « ı vari- 
ous effector organs such as ! les or 
glands. In higher animals, cells 
form chains or relays of neuro: e end 
of the axon of one cell near!) ching 
the dendrites or cell body o! next 
neuron. The very minute spa: tween 
two neurons of such a relay is ine syn- 
apse. Some of the more puzzli spects 
of nerve conduction have to dc ı what 
happens at the terminations urons 
and what happens at the syn: ses. An 
isolated nerve fiber, for exa does 
not become fatigued; it will ty vit im- 
pulses repeatedly with no less of its 
strength or speed, It has b found, 
however, that when a nerve- prep- 
aration is stimulated again an n, the 
muscle soon fails to contract vever, 
since neither nerve fibers » vuscle 
fibers become fatigued when ilated 
independently, fatigue must b urring 
at the junction between the t \t this 
neuromuscular junction the 1 end- 
ings are modified in various usu- 
ally by small expansions called or end 
plates. Similarly, when fatigue ears in 
a relay of neurons it can be shown that 


it is occurring at the synapse rather than 
in the neurons themselves. Another char- 
acteristic of the neuron-synapse complex 
is that the impulse will travel in only one 
direction across the synapse—from the 
axon of one neuron to the dendrites of 
another neuron; whereas if an individual 
fiber is isolated and stimulated electri- 
cally at various points, the impulse will 
travel in either direction along the fiber. 

In 1921 the German physiologist Otto 
Loewi showed that a substance, later 
identified as acetylcholine, is released by 
the stimulated vagus nerve where it ter- 
minates in the muscle of the heart. It is 
now known that most axons release ace- 
tylcholine and that acetylcholine is the 
transmitting agent, stimulating the den- 
drites of the next neuron, or transmitting 
the stimulus to a muscle at the neuro- 
muscular junction. 


THE CARBON AND 
NITROGEN CIYEE oe 
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ocess of photosynthesis usually 


to mind the absorption of carbon 


and the production of oxygen by 
ess often is it remembered that, 
» this process of photosynthesis, 
table kingdom not only main- 
concentrations of oxygen (about 
nt) and of carbon dioxide (about 
cent) at constant levels in the 
ere, but it also synthesizes or- 
bstances from inorganic ones by 
the radiant energy of the sun. 
rgy necessary for all metabolic 
\ctional activities carried on by 
val is, in the final analysis, de- 
m organic compounds produced 
s, for animals are not capable of 
ithesis. 


THE PRODUCT OF 
PHOTOSYNTHESIS 


The primary product of photosynthesis 
is glucose, a simple sugar (monosac- 
charide ); it is an organic compound that 
the plant manufactures from carbon diox- 
ide and water. Glucose is synthesized in 
green portions of the plant where it may 
be converted into starch, a polysaccha- 
ride composed of long chains of con- 
nected glucose molecules. Such a chain 
may contain from 300 to 1,800 molecules; 
some of these starch chains are branched, 
while others are not. Starch is not soluble 
in water and therefore cannot become 
part of the sap that flows in the plant 
body, but it can be converted back to 


PLASTS—The chloroplasts, which 
! bodies located in the cytoplasm, 
hlorophyll, the pigment necessary 
it's synthesis of sugar from carbon 
1d water. The concentration of chlo- 


roplasts varies in different cells, but they gen- 
erally are more numerous in leaves than in 
other organs. In the unicellular algae, there 
may be only one or two large chloroplasts 
per cell. 


produces, the animal consumes 


glucose or to other soluble sugars. Some 
of these glucose molecules are utilized in 
various metabolic processes where they 
are formed; others are transported in the 
sap to other parts of the plant where they 
are once again converted into starch and 
stored as reserve food material, or where 
they enter into other processes. 

In plants there are two enzymes cap- 
able of digesting starch by breaking glu- 
cosidic bonds (bonds linking glucose 
molecules): alpha-amylase (also present 
in human tissue) and beta-amylase. 
Alpha-amylase can digest completely 
both branched and unbranched starch 
molecules; it acts by breaking them into 
smaller chains called dextrins, and then 
by digesting these to maltose (a disac- 
charide, or sugar composed of two glu- 
cose molecules linked together). Beta- 
amylase acts by sequentially removing 
maltose units beginning at one end of 
the starch molecule and proceeding to 
the other end. Since beta-amylase can- 
not proceed past a point of branching of 
the starch molecule, it can digest un- 
branched starch chains completely, but 
when acting on branched molecules it 
produces some maltose and dextrins. Both 
types of enzymes are known as hydro- 
lases because they break glucosidic bonds 
by introducing a water molecule between 
two adjacent glucose molecules. Maltose 
can be further digested to glucose, which 
can then be utilized in any of several 
processes. 


HOW SUGARS ARE USED 
BY PLANTS 


Like animals, plants absorb oxygen from 
their surroundings. They utilize the ox- 
ygen in the oxidation of glucose or other 
organic compounds, which are thereby 
converted to carbon dioxide and water; 
this process, respiration, releases energy. 
The several steps in respiration are di- 
vided into two main groups: glycolysis 
and the Krebs cycle. The respiration of 
some glucose molecules provides the 
energy that permits other glucose mole- 
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STARCH GRAINS—As a result of photosyn- 
thesis, starch is deposited in leaves in the 
form of starch grains. The starch, which is 
composed of chains of linked glucose mole- 
cules, remains in the leaves only a short time 


and soon is digested into glucose. The glucose 
is transported to various organs of the plant 
where it may be transformed back into starch 
again or may be utilized in other processes. 
(260 X) 


cules to be converted into other carbo- 
hydrates, lipids, or proteins—all essential 
constituents of every living cell. 

Carbohydrates are the most common 
organic compounds in plants; they con- 
sist of the elements carbon, hydrogen, 
and oxygen, and include sugars, starch, 
and cellulose. The latter is an important 
constituent of plant cell walls. 

Lipids include fats, oils, and related 
substances. Like carbohydrates, they are 
composed of carbon, hydrogen, and oxy- 
gen, but they have a higher energy value. 

Proteins are composed primarily of 
carbon, hydrogen, oxygen, and nitrogen, 
and often include sulfur and mineral 
elements. 


THE CARBON CYCLE 


In the great cycles of nature, plants are 
the producers, and animals are the con- 
sumers. In eating plants, animals utilize 
the substances contained in them both 


as energy sources and as materials with 
which to build their own tissues. When 
plants and animals die, the carbon in 
their bodies is restored to the atmosphere 
by a third category of organisms—the 
bacteria. By their own respiration, bac- 
teria decompose dead organisms and 
convert their organic carbon compounds 
to carbon dioxide, which plants can then 
use again in the process of photosynthe- 
sis. The carbon cycle is illustrated in the 
upper diagram in Illustration 3. 


THE NITROGEN CYCLE 


All living things need nitrogen, but the 
nitrogen that makes up about 80 percent 
of the atmosphere cannot be utilized 
directly by animals or by most plants. 
Most plants obtain their nitrogen from 
nitrogenous compounds in the soil. Ex- 
periments have shown that plants culti- 
vated in nutritional solutions lacking ni- 
trogen but exposed to the nitrogen of 


the air soon reduce their phot«nthetic 
activity and cease to grow. Suc experi- 
ments demonstrate that most nts are 
incapable of utilizing the nitro. 2 of the 
atmosphere. Exceptions to th general 
rule are the legumes (mem! of the 
bean and pea family), which | in sym- 
biotic relationship with nity »-fixing 
bacteria. In fact, when legumi : plants 
with their symbiotic bacteri» œ culti- 
vated in soil that is comple! lacking 
in nitrogen compounds, they ich the 
soil with this element, thus proving 
its agricultural potential. Ot plants, 
however, are able to utiliz oly the 
nitrogen contained in the s in the 
form of ammonium (NH,* nitrate 
(NOs~) compounds, the latte: eing the 
more readily used. 

Regardless of the form of nit gen that 
they use, plants convert it into «e amino 
form (—NH,) in their prot Upon 
the death of plants and anim (which 
get their protein by eating p ts), the 
protein is decomposed by dec. _acteria, 
and the nitrogen is released i the soil 
in the form of ammonium io: 

Soil bacteria of the gen vitroso- 
monas oxidize the ammoniu to the 
nitrite ion (NO. ), which is her ox- 
idized by bacteria of the genu _—_trobac- 
ter into the nitrate ion (NO that is 
then utilized by plants. The n gen cy- 
cle is presented in the lower cram of 
Illustration 3, 

The carbon and nitrogen les are 
the two principal cycles in v- ire, but 
there are also other cycles, suc!: as those 


of sulfur and phosphorus. The coutinuous 
transformation of matter from an organic 
form to an inorganic form (and vice 
versa) and the continuous passage of 
matter between living things and their 
environment constitute cycles. 


—S O 


THE CARBON AND NITROGEN CYCLES— 
Utilizing the energy in sunlight, plants convert 
carbon dioxide into organic compounds. Graz- 
ing animals eat plants and thereby incorporate 
these compounds into their bodies. The de- 
composition of dead organisms by soil bac- 
teria converts these organic compounds into 
inorganic matter, which is used again by 
plants. —> 
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VIR AL INFECTION | the pathogenic action of viruses 


The viruses—so small that most are in- 
visible even under the highest magnifica- 
tions of the light microscope—could not 
be satisfactorily examined until the in- 
vention of the electron microscope. Their 
presence was suspected long before this, 
however, for many of them cause diseases 
of human beings, domestic plants, and 
animals. 

Viruses are unusual in having no cel- 
lular structure. Because of this, some bi- 
ologists prefer to consider them as non- 
living; however, viruses do have some 
features of living organisms, including 
the powers of reproduction and muta- 
tion. Their chemical composition resem- 
bles that of the genetic material of cel- 
lular organisms. 

A virus particle consists of a central 
core of nucleic acid surrounded by a 
layer of protein called a capsid. The 
nucleic acid is either deoxyribonucleic 
acid ( DNA) or ribonucleic acid (RNA), 
but a given virus never contains both. 
This is another way in which viruses dif- 
fer from cellular organisms, for the latter 
contain both DNA and RNA within a 
cell. The protein capsid consists of sev- 
eral repeating subunits called capso- 
meres. In addition to nucleic acid and 
protein, carbohydrates and lipids are 
found in some viruses. 

If properly treated, virus particles can 
be crystallized and stored in a bottle like 
any ordinary laboratory chemical. In this 
condition they exhibit no metabolic ac- 
tivity and seem not to be living. They do 


‘retain their powers of infection, how- 


ever, and can cause the symptoms of 
disease if they are introduced into a suit- 
able host plant or animal. 

All viruses are obligate parasites, a fact 
that is not surprising in view of their 
structure, for they have no cytoplasm in 
which to synthesize their own enzymes. 
Enzymes, essential for life, are proteins 
that are synthesized on the ribosomes in 
the cytoplasm of cells. When viruses in- 
vade living cells, they utilize the cellular 
machinery that is already present in the 
host cell. Under the direction of the viral 
DNA or RNA, proteins peculiar to the 
particular virus may be synthesized in 
the host cell cytoplasm. When this hap- 


pens, the host cell is damaged. If the 
damage is severe enough, disease results, 
and sometimes death. 


VIRAL DISEASES 


Viral diseases of humans range from an- 
noyances such as cold sores and the com- 
mon cold to such serious diseases as po- 
liomyelitis, smallpox, rabies, and yellow 
fever. Among the so-called children’s dis- 
eases are chicken pox, measles, German 
measles, and mumps. Influenza is also a 
virus-caused disease. Warts are caused 
by viruses, and ever-increasing evidence 
indicates that viruses are responsible for 
at least some cancers. 

Some viruses are transmitted by direct 
contact with infected persons or with 
bedclothing, handkerchiefs, or other ar- 
ticles they may have handled. Smallpox, 
chicken pox, measles, German measles, 
mumps, and influenza may be contracted 
in this way. Droplet infection—transmis- 
sion by sneezing or coughing small drop- 
lets of moisture containing virus particles 
into the air—is responsible for the spread 
of measles, German measles, and influ- 
enza. Poliomyelitis virus is spread in food 
and water. Rabies is ordinarily contracted 
only from the bite of a rabid animal; 
the rabies virus is present in the saliva 
of the animal. If the bite punctures the 
skin, the viruses may reach the nervous 
tissue; they infect primarily the spinal 
cord and brain. Yellow fever is spread by 
the bites of mosquitoes, especially Aëdes 
aegypti. Cancers have such a low degree 
of infectivity as to be essentially non- 
contagious. 


IMMUNITY TO VIRAL 
INFECTIONS 


The introduction of a foreign protein, 
such as the virus capsid, into the human 
body usually triggers the production of 
antibodies. Antibodies are proteins, and 
by a variety of mechanisms they neutral- 
ize the effects of the foreign protein or 
antigen. Antibodies are highly specific; 
they protect the body only against the 
type of organism that initiated their for- 
mation. The antibodies specific for mea- 


sles, for example, do not prote- against 
yellow fever. The initial pro: ction of 
antibodies is relatively slow, ıd they 
usually do not protect the pati against 
a first infection with that org n; they 
do, however, protect against further 
infection by that organism. / tack of 
measles usually confers imm! to any 
subsequent infection by t 1easles 
virus. 

Both bacteria and viruse: e the 
production of antibodies in lood. 
Viruses also cause the produ of in- 
terferon, a substance that in the 
control of an initial infection erferon 
is not so specific as antibodie »duced 


in response to the introductio of one 


virus into the body, it 1 protect 
against other kinds of viruses rferon 
was named for its property of rfering 
with the multiplication of vi: 
BACTERIOPHAGES 
No major group of organism: mune 
to attack by viruses. Even ur lar or- 
ganisms are parasitized by One 
special group of viruses, th: terio- 
phages, attack bacteria. Th iruses 
have been studied extensive! wuse it 
is possible to obtain many g¢ ons of 
both bacteria and bacteriop ina 
single day. Some experiments these 
organisms can be performed | s than 
an hour. 

A bacteriophage, or simply ye, con- 
sists of a polygonal protein h with a 
hollow tail; the head contains the DNA. 


When the phage attaches itself by its 
tail to the cell wall of a bacterium, a 
small hole is digested in the cell wall; 
the DNA of the head is then injected 
through the tail and into the bacterial 
cell. Once the nucleic acid has entered 
the cell, either of two things may hap- 
pen: the phage may reproduce itself, or 
it may become incorporated into the bac- 
terial chromosome. 

Phage reproduction requires only 
about 30 minutes under suitable condi- 
tions. The phage DNA controls the syn- 
thesis of more phage DNA— identical 
copies of itself—and of the protein coats. 
The DNA particles and the protein coats 


nucleic acid 


protein casing 


AA 


«—— cytoplasm 


fay 


atypical protein 
under formation 
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viral particles 


atypical protein 


he 


viral DNA masked 
in nucleus 
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VIRUS ACTION AT THE CELLULAR LEVEL— 
Viruses seem to be composed essentially of 
DNA or RNA. Their mechanism of action varies 
according to whether they contain ribonucleic 
or deoxyribonucleic acid, and according to 
whether they are located in the cell’s nucleus 
(DNA virus) or the cytoplasm (RNA virus). The 
final result will always be either the death of 
the infected cell (illustrations 1a and 1d), or 
its transformation into an atypical cell (Illus- 
trations 1b and 1c). 

The atypical cell (Illustration 1b) is char- 
acterized by the complete absence of viral 
particles, which are clearly present in the cell 
shown in Illustration 1c. 


viral RNA 


then assemble into complete phage units; 
as many as 200 may be produced in a 
single bacterial cell. The cell wall breaks 
open and releases the new phage parti- 
cles, each of which then is capable of in- 


fecting a new bacterial cell. The produc- 
tion of new phages causes the host cell 
to disintegrate or lyse. This cycle is called 
the lytic cycle. 

If the phage DNA becomes incorpo- 


rated into the bacterial chromosome, this 
phage DNA is called prophage, and the 
bacterium it jnf@cts is said to be lyso- 
genic. In mai ses there is almost no 
discernible el m the bacterium; it is 
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not harmed, and it does become immune 
to the entrance of more phage particles 
of the same type. 

When a bacterial cell divides into two 
cells, its chromosome is duplicated also, 


one daughter chromosome going into 
one daughter cell and one into the other. 
Any prophage on the chromosome is du- 
plicated as well, and both daughter cells 
receive the prophage. Because bacterial 


VIRAL CULTURE—This electron micrograph 
shows cells infected with the B/T-L virus of 


rat leukemia. The viral particles ch can 
be identified in the space betweer e cells, 
have an outer capsid and a dense erior. 


“oY po AA a 
cells are not destroyed by this process, 
the lysogenic cycle may be repeated a 
definitely without any further infection 
by phages, whereas each turn of the lytic 
cycle requires reinfection. 


VIRUS B/T-L—This high-resolution electron 
micrograph shows the B/T-L virus of rat leuke- 
mia. The virus is in a reproductive phase during 
which the viral particle is located inside a bulge 
in the surface of the cell. 


A variety of chemical and physical 
agents convert a prophage into lytic 
phage. Some of these agents include 
x-rays, ultraviolet light, and several can- 
cer-inducing chemicals. 


Because they can be conveniently prop- 
agated and observed in the laboratory, 
the phages have been studied extensively. 
Many different strains have been identi- 
fied. In most cases, one kind of phage 


can attack only one or a very few closely 
related kinds of bacteria. 

Antibiotics and synthetic chemicals 
that can kill bacteria have little or no 
effect on the phages and other viruses. 
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PATHOGENIC 
MIGROORGANDMsaa. Emy deae 


The most dangerous organisms to hu- 
man beings are not necessarily the large 
ones like elephants or lions. During his 
lifetime, nearly everyone becomes ill 
with dise aused by microorganisms 
—bacteria, viruses, protozoa, or fungi. 
Those organisms that cause disease are 
called pathogens. Most of them are so 
small that they cannot be seen with the 
naked eye, and they can be taken into 
the body in food, water, or air that looks 


clean and pure. 

A single microorganism is so minute 
that by itself it can do little damage 
to its host; but most microorganisms 
have such rapid rates of reproduction 
that under favorable conditions, a single 
microorganism may have millions of de- 


scendants within 24 hours. In the warm 
moist tissues of the human body, many 
pathogenic microorganisms find opti- 
mum conditions for growth and repro- 


duction. Within a few days of infection, 
pathogens within the 
body can reach astronomical numbers, 


the number of 


PORTALS OF ENTRY 


Pathogens cannot cause disease unless 
they or the toxins they produce enter 
the body of 
which the 


a susceptible host. The 
entry is made is 
Many dis- 


point at 
called the portal of entry 


INFLUENZA VIRUS—This electron micro- 
graph shows a red corpuscle of a chicken. 


The cytoplasm has been invaded by the in- 
fluenza virus that appears in both transverse 


The large white 
corpuscle. 


and longitudinal section: 
part is the nucleus 


have more or less specific portals 
of - try. Organisms that cause respira- 
tor diseases usually are coughed, 
sn >d, or exhaled into the air in mi- 


ease 


nui lroplets of moisture that remain 
sus ded in the air for long periods 
of : and thus are likely to be inhaled 
by other person. Such infection is 
ca droplet infection. Diseases trans- 
m in this way include tuberculosis, 
di oria, pneumonia, and the common 


organisms of intestinal diseases 
ar charged from the body in fecal 
m ıl which often reaches water sup- 


pl n some parts of the world feces 
au sed as fertilizer for crop plants. 
An of these organisms that are in- 
go | in untreated water or in raw 
fo (usually only those foods that 
gr inder or near the ground) soon 
re the intestine where they can set 


u infection again. Among the food- 
a iter-borne diseases are typhoid 


fe paratyphoid fever, cholera, and 
ar ve dysentery. 

ria and some other diseases of 
tl culatory system are transmitted 


o v insect bites; in many cases only 
o ccies of insect is capable of trans- 
n r the pathogen. 

vencreal diseases as syphilis and 


g hea ordinarily are transmitted only 
bs ual contact. 

' diseases have only one effective 
pe of entry. The tetanus organisms 
cis disease, for example, only if they 
arc introduced into a wound into which 


en does not penetrate. Because the 
tetanus organism is common in the soil, 
it has been ingested by many people 
who have eaten raw root crops; but 
when the organism enters the body by 
way of the digestive system, it is harm- 
less. Some diseases have more than one 
effective portal of entry. Scarlet fever 
and tuberculosis may be transmitted by 
contaminated milk or by droplet infec- 
tion. 

Some diseases with two portals of 
entry exhibit different effects, depend- 
ing on the portal utilized. Bubonic 
plague is transmitted from rats to hu- 
mans by the bites of rat fleas. The 
plague organisms usually are confined 
to the circulatory system, where they 
form large swellings called buboes. If 
the organisms should break out of the 


Oxy 


bacterium 


PASTEURELLA PESTIS —This 
causes both the bubonic and pneumonic forms 
of plague. The organism secretes an exotoxin 
that inhibits aerobic respiration in the mito- 
chondria. Strains of P. pestis from all over the 
world are biologically identical. 


CLOSTRIDIUM BOTULINUM—This anaerobic 
bacterium grows in neutral, improperly canned 
food. It produces a powerful exotoxin that ac- 
cumulates in the food. When ingested, the 
toxin interferes with nerve functions and 
causes paralysis. 


buboes and reach the lungs, they set 
up a different disease called pneumatic 
plague. This form of the disease can be 
transmitted from human to human by 
droplet infection without the help of 
fleas. The gonorrhea organism can be 
transmitted from a mother to her baby 
during birth. If the organism reaches 
the eyes of the infant, it can cause a 
form of blindness called gonorrheal 
ophthalmia. 


VIRULENCE 


The introduction of a pathogen into a 
host does not ensure that disease will 
result. The occurrence of disease de- 
pends on the virulence of the organism 
—its ability to spread throughout the 
body of the host or certain tissues and 
its ability to produce toxins or to do 
other damage to the host. 

The host’s body usually has several 
mechanisms of defense against patho- 
gens; and the ability of the pathogen 
to spread throughout the host's body 
depends on possession by the microbe 
of any of several substances that coun- 
teract the defenses. Many virulent bac- 
teria are surrounded by capsules of gelat- 


inous material that protect them from 
the white blood cells that would other- 
wise surround and ingest them in 
amoeboid fashion. Some bacteria pro- 
duce leucocidins that kill white blood 
cells (leucocytes); others produce leci- 
thinase, which dissolves red blood 
cells. The cells of most tissues are held 
together by the intercellular substance 
hyaluronic acid; some bacteria produce 
the enzyme hyaluronidase, which cata- 
lyzes the digestion of hyaluronic acid. 
This action separates the host's cells and 
permits the rapid penetration of the 
bacteria into the tissues. 

Many bacteria exert their effect 
through their production of toxins, sub- 
stances that are highly poisonous to the 
host. There are two general types of 
toxins: exotoxins, which are secreted 
by living cells; and endotoxins, which 
are not released until after the death 
of the cells that produced them. Exo- 
toxins generally are proteins, and among 
them are some of the most poisonous 
substances known. Particularly notori- 
ous in this respect is the toxin of Clos- 
tridium botulinum, which causes a 
deadly form of food poisoning known 
as botulism. Clostridium thrives under 
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anaerobic, neutral conditions, where it 
produces its toxin. Improperly canned 
fish, beans, or meats are ideal places 
for its growth. Only a small taste of 
contaminated food may be lethal. The 
organisms themselves need not be in- 
gested; the toxin alone is enough to 
cause paralysis and death. Fortunately, 
this toxin, like many exotoxins, is de- 
stroyed by heat, and any suspect food 
can be boiled for ten or fifteen minutes 


to make it safe. Tetanus, anthrax, and 
diphtheria are a few other diseases as- 
sociated with the production of exo- 
toxins. 

Endotoxins are complexes of proteins, 
lipids, and carbohydrates, and are not 
destroyed by the application of heat. 
They are produced by a variety of 
pathogens, particularly those that live 
in the intestinal tract. Endotoxins cause 
nausea, diarrhea, and fever, symptoms 


of many gastrointestinal diseas 
The significance of the sma! 
microorganisms is well illusty 
their toxicity. The smaller the o 
the larger the ratio of its suri 
to its volume. Millions of mi: 
together have many times th: 
area of a single large cell of 
volume. Because the rates of p: 
and secretion of toxins are relat 
amount of surface area availal|: 


ze of 
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TUBERCLES—Mycobacterium tuberculosis is 
the agent of tuberculosis. It usually enters the 
body by way of the mouth or nose and reaches 
the alveoli of the lung. The cells of the lung 
begin to grow around the infection, forming 
tubercles (Illustration 4a). In this way the 
bacteria are isolated from the rest of the 
body. If the host's resistance is high, the in- 
fection may spread no farther, and he may 
become immune. The cells contributing to the 
formation of a tubercle are large, and they 
have many nuclei arranged at the periphery 
of the cytoplasm (Illustration 4b). 


TUBERCULIN REACTION—Tuberculin is an 
extract of cultures of Mycobacterium tuber- 
culosis. The tuberculin test is performed by 
injecting a minute quantity of the concentrated 
extract (or the dead bacteria) into the skin. 
A hard red pustule 5 to 24 mm in diameter (ll- 
lustration 5) appears at the site of injection 
after 24 to 48 hours if the person has tubercu- 
losis or has had it. 


m 


nu oer of minute organisms can pro- terium tuberculosis); leprosy (Myco- 
dw great quantities of toxins in a short bacterium leprae); bubonic and pneu- 
pe: <1 of time. monic plague (Pasteurella pestis); 


pneumonia (Diplococcus pneumoniae, 
Klebsiella pneumoniae, and others); 
diphtheria (Corynebacterium diphthe- 
riae); typhoid fever (Salmonella typh- 


Di ASES CAUSED BY 
M! \OORGANISMS 


T vumber of diseases caused by mi- osa); cholera (Vibrio comma); tetanus 
©  ganisms is large. A few of those (Clostridium tetani); syphilis (Trepo- 
«1 by bacteria and the causative nema pallidum); and gonorrhea (Neis- 


Among the diseases caused by proto- 
zoa are African sleeping sickness (Try- 
panosoma gambiense), amoebic dysen- 
tery (Endamoeba histolytica), and 
malaria (Plasmodium vivax and other 
species ). 

Diseases caused by viruses include the 
common cold, influenza, poliomyelitis, 
smallpox, yellow fever, and measles. 

Ringworm and athlete’s foot are two 


diseases caused by fungi. 


seria gonorrhoeae). 


© cism are: tuberculosis (Mycobac- 


TUBERCULAR LUNG—If the host's resistance 
is low, the tuberculosis bacteria multiply in 
the tubercle, which may then become the 
center for further infection. The bacteria de- 
stroy the cells of the host, and the center of 
the tubercle becomes filled with a yellow 
mass of dead cells. This material resembles 
cheese in appearance and is called caseated 
material. As tubercles grow, adjacent tuber- 
cles may fuse. Gradually more and more lung 
tissue is destroyed. In advanced cases of 
tuberculosis, persons typically cough up case- 
ated material that may be mixed with blood 
when blood vessels have been damaged. This 
photograph (Illustration 6) shows a small sec- 
tion of an infected lung. 
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skin infected with the bacterium of leprosy 
(Mycobacterium leprae). Nodules containing 
the bacteria are formed in the skin and along 
the nasal passages. Nerves may also be in- 
fected. Deep tissue is rarely affected. Illus- 
tration 7a is a microscopic section of leprous 
skin; the epidermis is thin and there is a slight 


SKIN OF A LEPER—These photographs show 


increase in the thickness of the stratum 
corneum. The superficial dermis is completely 
reduced, while the middle and deeper layers 
of the dermis are invaded by bacterial cells. 
An enlargement is shown in Illustration 7b. 
Illustration 7c shows a preparation in which 
groups of leprosy bacteria are particularly 
evident in the cells. 
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CYTOPLASM AND 


THE CELE MEMBRANE 


THE STRUCTURE OF CYTOPLASM 


The cell is a living thing that grows and 
reproduces itself. The nucleus, the ele- 
ment indispensable to the life of the cell, 
functions in harmony with all the other 
parts of the cell. This correlation follows 
one of the basic laws of biology: each 
part, each organelle, and each organ 
functions in relation to all other parts, 
organelles, and organs. Even in this sub- 
microscopic world, nature has created a 
“society” in which no element is an end 
unto itself but is an integral part of a 


harmonious whole. Each cell contains all 
the basic components that are necessary 
for its vital functions. 

The nucleus, the cytoplasm, and the 
cell membrane enclosing the whole are 
the three main parts of a cell. Cyto- 
plasm appears under a conventional mi- 
croscope as a homogeneous, transparent, 
jellylike mass. If cytoplasm is examined 
through an electron microscope or by 
x-rays, its complex physicochemical 
structure, known as cytoplasmic ultra- 
structure, is revealed. Only those optic 
systems that can magnify details up to a 


a voyage around 
the cell’s nucleus 


thousand times more than a co: 
microscope will reveal cytoplas 
structure, which sometimes 
have a reticular nature (Illust 
and at other times appears as 
mass, according to the type o 
the circumstances of the mome: 
The capacity of cellular m 
take on different structural asp: 


of its characteristics and is | 


cellular metastability. The retici 
granule are composed essentia!! 


teins formed of large molecuk 
sometimes linked to constitut 


CELLS OF THE HUMAN INTESTINE—Under the electron microscope, the reticular structure of cytoplasm is clearly visible. 
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gates, The amount of water in the inter- 
stices of the reticulum increases or de- 
creases according to the cell’s needs. In 
the process, the volume of the cytoplasm 
is increased or decreased. Thus, the inter- 
stices are not stable structures but can 
dilate or contract to the point of disin- 
tegration and successive recomposition. 
It is possible to observe a similar effect 
by placing a strip of gelatin first in a solu- 
tion of water and common kitchen salt, 
and then in a solution containing another 
type of salt. After a while, the strip of 
gelatin expands. This property of cyto- 
plasm—known as its colloidal character- 
i is determined by the protein that it 


COLLOIDS AND CRYSTALLOIDS 


In 1860 a Scottish chemist, Thomas Gra- 
ham, noticed that when he immersed cer- 
tain substances (paste, gelatin, albumen, 
and starch) in a liquid, they diffused 
very slowly, at a rate at least 100 times 
slower than certain other substances, 
such as salt and sugar. Graham also 
noted that these latter substances dif- 
fered from the others in their capacity, 
when in solution, to pass through a mem- 
brane—in this case a film of nitrocellu- 
lose. In fact, when a bladder of collodion 
(the film produced when a nitrocellulose 
and ether solution is dried quickly) is 
filled with a mixture of sugar and paste 


CELLS OF THE HUMAN INTESTINE UNDER 


THE ELECTRON MICROSCOPE—Cellular 
junctions and the convolutions of the cell 
membranes are clearly visible. Each mem- 
brane is composed of three strata: two dense 
layers that are made up of protein and one 
clearer, transparent layer of lipids. 


and placed under running water, the 
sugar quickly passes through the mem- 
brane and is carried away by the water, 
while the paste remains inside the mem- 
brane. A substance’s capacity to pass 
through a membrane depends on the 
dimensions of its molecules. Graham 
pointed out the notable difference that 
exists between what he called crystalloids 
—ordinary soluble substances, such as 
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THE CELL'S DEFENSIVE BARRIER—a An ex- 
ternal stratum of protein molecules parallel 
to the membrane’s surface; b a do > inter- 
mediate stratum of lipid molecul anged 
perpendicularly to the protein m les; ¢ 
internal stratum of protein m having 
the same characteristics as e ex- 
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stratum; d pores, the openings that 
pt the membrane’s continuity. 
e illustration corresponds to an enlarge- 
f about 4 million times. Above, at the 
s a schematic diagram of the cell and 
cis along which the section was made. 
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SCHEMATIC DIAGRAM OF THE CELL MEMBRANE—a proteins; b lipids. 


kitchen salt and sugar, that crystallize 
and pass quickly through membranes— 
and colloids—substances that are not dif- 
fusible and that pass very slowly through 
membranes. 

The classification of all these substances 
is no longer based on whether or not the 
molecules pass through a membrane 
(which is called semipermeable if they 
do), but is based on the dimensions of 
their molecules. Thus, true solutions are 
those in which the dispersed molecules 
have a diameter of less than 0.001 um 
(about .004 x 10" in.), as in a solution 
of sugar and water, while colloidal solu- 
tions are those in which the diameter of 
the colloidal particles ranges from 0.001 
to 0.1 um (about 0.4 x 10-5 in.), as in 
cytoplasm. Suspensions are those sub- 
stances in which the particles have a di- 
ameter of more than 0.1 um, as in fog and 
smoke. 

On the basis of this classification, true 
solutions in which the dispersed phase 
(the dispersed particles) is not distin- 
guishable from the dispersion medium 
(the liquid in which the particles are dis- 
persed) are known as single-phase sys- 
tems. Colloidal solutions and suspensions 
in which the dispersed phase is distin- 
guishable from the dispersion medium 
are called two-phase, or polyphase, sys- 
tems. Cytoplasm, which is composed es- 
sentially of substances in the colloidal 

state, is a two-phase system. 


THE STRUCTURE AND 
FUNCTION OF THE 
CELL MEMBRANE 


The cell membrane is a film that sepa- 
rates the cytoplasm from its surround- 
ings. In animal cells this membrane is not 
distinct from the cell itself because it is 
a thickening of the cytoplasm, which 
becomes denser from the center of the 
cell outward, forming a true membrane 
on its surface. The different reactions of 
the cytoplasm in contact with its sur- 
roundings regulate the various exchanges 
between the cell and its environment. 

The ultrastructure of the cell mem- 
brane is composed of three superimposed 
layers: two made up of proteins, and the 
intermediate layer composed of lipids, or 
fats. Under the electron microscope, the 
first two appear to be dark and dense, 
while the central layer is clear (Illustra- 
tion 2). The cell membrane also has 
openings, like pores, that communicate 
with the internal elements of the cell. 
Through these pores enter the nutritive 
substances necessary to the life of the 
cell and through them the cell’s wastes, 
or catabolites, are eliminated. 

Like the rest of the cell’s components, 
the membrane is not a stable structure 
but a dynamic one that changes its ar- 
rangement and form according to the 
needs of the cell. Its function is primarily 
selective, since it permits the passage of 


certain substances only—thos¢ are 
indispensable to the life of th l and 
whose molecules have a diamet: valler 
than, or equal to, that of the px ı the 
membrane. Further, since the : rane 
is formed of lipids as well » ‘eins 
(Illustration 3), and these lipi insti- 
tute a true barrier, the more |: uble 
(soluble in fats) a substance’: cule 
is, the more quickly it penc the 
membrane. 

Irregularities in the form of © sions 
and cavities occur in the cell m: rane, 
increasing its surface area and © acity 
for absorption. The extensions «tain 
apparently structureless cytopla The 


cavities, or cups, pinch off, passing liquid 
across the membrane in the form of a 
vacuole. This phenomenon is known as 
pinocytosis, or “surface drinking.” 

The cell membrane also acts as a de- 
fensive barrier against harmful stimuli 
that may come from the cells environ- 
ment and thus performs a real protective 
function. On the other hand, its perme- 
ability is a very important factor in estab- 
lishing within the cell the physiological 
conditions necessary to its life. 

The cell membrane, then, is one of the 
essential elements in cell life. Without it, 
the cell’s vital substances would be scat- 
tered and lost; through it, the cell takes 
in necessary substances and eliminates 
wastes; by means of it, the cell responds 
and reacts to external stimuli. 


THE CELL ORGANELLES 


Most cells are so small that they cannot 
be seen without a microscope. A living 
cell placed in a drop of water and viewed 
under an ordinary compound microscope 
may appear to be clear or to contain a 
few small structures called organelles. If 
the cell is sliced into thin sections that 
have been impregnated with special bio- 
logical stains, the compound microscope 
may reveal more organelles with a sug- 
gestion of what seems like a kind of in- 
ternal structure. Only when extremely 
thin cell sections are magnified several 
thousand times by an electron micro- 
scope does the fantastic detail and in- 
tricacy of the cell become apparent. 

Protoplasm, the living portion of a cell, 
has a semifluid consistency. It is enclosed 
by a unit membrane composed largely of 
proteins and lipids. Many of the or- 
ganelles in the protoplasm consist, at 
least in part, of similar unit membranes. 
The protoplasm of a plant or animal cell 
ordinarily contains one nucleus, a spher- 
ical or nearly spherical organelle. The 
remaining portion of the protoplasm is 
the cytoplasm. Among the organelles in 
the cytoplasm are the mitochondria, the 
endoplasmic reticulum, the Golgi appa- 
ratus, lysosomes, and centrioles. 


MITOCHONDRIA 


Mitochondria, or chondriosomes (Illus- 
tration 1), are rodlike, spherical, or fila- 
mentous organelles. Their smallest diam- 
eter is about 0.5 um (about .0000195 
in.), and the longest diameter may reach 
2.0 um (about .000078 in.) or more. 
Each mitochondrion is bounded by a 
pair of unit membranes, one inside the 
other. The inner membrane folds inward, 
forming partitions known as mitochon- 
drial cristae (Illustration 2). The cristae 
may be few or numerous and are of vari- 
ous shapes. They increase the surface 
area of the internal membrane on which 
are located some of the enzymes es- 
ential for cellular respiration. It is this 
respiratory process that releases from 
food molecules the energy that the cell 
needs to perform nearly all its vital func- 
tions; as the cell’s organelle of respiration, 
the mitochondrion is also its energy cen- 
ter. The fuel that produces this energy is 
the sugar, glucose. In the cytoplasm, glu- 
cose is first broken down to pyruvic acid 
by a process known as glycolysis. Pyruvic 


acid then enters the mitochondrion, 
where it is further broken down ( Illus- 
tration 3). 

Inside the mitochondrion, the enzymes 
on the cristae convert pyruvic acid to 
carbon dioxide and water by a series of 
chemical reactions that release energy. 
This energy activates many of the vital 
processes of the cell. Because of this, 
mitochondria are absolutely necessary to 
the existence of most plant or animal 
cells. 

Mitochondria are most numerous in 
cells that expend a great deal of energy, 
and they often cluster in the most active 
part of the cell. 


ENDOPLASMIC RETICULUM 


Most of the cytoplasm has a very intri- 
cate ultrastructure, visible under the 
electron microscope as a complex of 
paired unit membranes. This complex 
constitutes the endoplasmic reticulum, or 
ergastoplasm (Illustration 4). When the 
complex is composed solely of mem- 
branes, it is known as a smooth endo- 
plasmic reticulum; when it is made up 
of membranes to which many granules 
are attached, it is called a rough endo- 
plasmic reticulum. These granules are 
the ribosomes; they have an essential 
role in protein synthesis. The endoplas- 
mic reticulum links several other or- 
ganelles with one another; it also trans- 
ports substances to various parts of the 
cell and may expel them from the cell. 


THE GOLGI APPARATUS 


The Golgi apparatus (Illustration 5) 
takes its name from the Italian scientist 
Camillo Golgi, who discovered it in 1898. 
This organelle is similar to the endoplas- 
mic reticulum in being composed of a 
system of lamellae and cavities in a par- 
allel arrangement. The Golgi apparatus 
occurs in many kinds of cells, but is most 
common in glandular and other secre- 
tory cells. It is believed to function in 
secretion of materials and perhaps also 
in their synthesis and storage. 


A MITOCHONDRION UNDER THE ELECTRON 
MICROSCOPE—The two unit membranes and 
the mitochondrial cristae are clearly visible. 
Some of the cristae extend across the mito- 
chondrion. 


the harmonious integration 
of functions in the cell 


THREE-DIMENSIONAL VIEW OF A MITO- cavity of the organelle. Liquid fi i i 
ONA 3 . Liquid fills the int 
82 CHONDRION—Within the outer unit membrane of the mitochondrion. The illustration is about 
of the mitochondrion lies another membrane 1% million times actual size. 
that folds inward, forming the cristae in the 


glucose 


pyruvic acid 


DIAGRAM OF GLYCOLYSIS—a-hydrogen; 
b-carbon; c-oxygen; d-enzymes. 


LYSOSOMES 


The electron microscope reveals lyso- 
somes, saclike organelles believed to 
contain enzymes that digest large food 
molecules to smaller ones that can be as- 
similated by the cell. Old, no longer 
functional, organelles may also be di- 
gested by enzymes of the lysosomes. 


CENTRIOLES 


Animal cells contain a pair of centrioles 
in the cytoplasm, near the nucleus. Each 
centriole is cylindrical and contains nine 
filaments. A zone of cytoplasm known 
as the centrosome surrounds the cen- 
trioles. The centrioles function during 
mitosis. 
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ENDOPLASMIC RETICULUM UNDER THE 
ELECTRON MICROSCOPE—The ribosomes, or 


granules (Illustration 4), are visible along the 
membranes. 
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(Illustration 5) consists of a series of mem- 
branes parallel to each other. 
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THE FUNCTION OF 


THE NUCLEUS 
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THE SPIRAL OF LIFE—In this schematic rep- 
resentation of the helical arrangement of the 
two strands of the DNA molecule, the dotted 
lines represent the hydrogen bonds that unite 
the purine and pyrimidine bases. 


control of the cell 


Even the simplest living thing, a uni- 
cellular organism, is an amazing complex 
of molecules of diverse kinds and proper- 
ties. The possibilities for chemical re- 
actions among these molecules are so 
great that if they were not controlled in 
some fashion, the cell would be the loca- 
tion of a disorderly sequence of random 
reactions that might do it more harm 
than good. 

To proceed with any measurable speed, 
most chemical reactions in living things 
require the presence of enzymes. Be- 
cause each reaction or group of similar 
reactions is catalyzed by a different en- 
zyme, any method of controlling the 
presence or absence of a given enzyme 
also controls the reaction catalyzed by 
that enzyme. The function of controlling 
the synthesis of enzymes falls primarily 
to the nucleus, although organelles and 
compounds of the cytoplasm are also 
involved. 


NUCLEIC ACIDS 


Two distinct types of nucleic acids have 
been discovered in cells: deoxyribonu- 
cleic acid (DNA) and ribonucleic acid 
(RNA). Each is a large polymer of high 
molecular weight consisting of repeating 
units called nucleotides. Each nucleotide, 
in turn, is formed from three molecules: 
phosphoric acid, a sugar, and a nitrogen 
base. The nitrogen bases are of two types: 
purines and pyrimidines. The sugars of 
DNA and RNA are different, and so are 
some of their pyrimidines. The constit- 
uents of DNA and RNA are listed in the 
following table: 


DNA RNA 

acid Phosphoric Phosphoric 

acid (P) acid (P) 
sugar Deoxyri- Ribose (R) 

bose (D) 
purine Adenine (A) Adenine (A) 
bases Guanine (G) Guanine (G) 
pyrimidine Cytosine (C) Cytosine (C) 
bases Thymine (T) Uracil(U) 


The nucleotides of the nucleic acids 
are united through their phosphate and 
sugar groups. The result is a long chain 


consisting of alternating phosphate and 
sugar groups, with each sugar bearing 
to the side either a purine or a pyrimi- 
dine. Several hundred nucleotides may 
comprise a single nucleic acid molecule. 


RNA 


DNA differs from RNA not only in its 
sugar and one of its pyrimidines, but in 
its double strand (RNA is a single- 
stranded molecule). The two strands of 
DNA are held together by hydrogen 
bonds between the purines and pyrimi- 
dines of opposite strands. The adenine of 
one strand always is paired with the 
thymine of the opposite strand, and the 
cytosine always is paired with guanine. 
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DNA 


The two strands are wound around each 
other, forming a double helix. 


REPLICATION OF DNA 


The replication of DNA, which ordinarily 
precedes mitosis, begins with the break- 
ing of the hydrogen bonds between the 
two strands of the molecule and the un- 
winding of the double helix. Within the 
nucleus is a supply of nucleotides of 
the type comprising DNA. Each of the 
separated strands functions as a template 


2 attracts to itself nucleotides comple- 

r ary to its own nucleotides. This 

j s the nucleotides in such a position 

t when they react with each other, 

‘ complementary strand is formed. Be- 

both strands of the original DNA 

cule function in this way, the result 

o complete double-stranded DNA 

I ules identical with the original. 

consists of one strand from the 

© inal molecule and one newly formed 
l. 


GENETIC CODE 


zenetic code resides in the order of 
th trogen bases of one strand of each 
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DIAGRAM OF DNA CHAINS—The bases are 
united by hydrogen bonds (dotted); adenine is 
always united to thymine by two hydrogen 
bonds, while guanine is always linked to cyto- 
sine by three hydrogen bonds. 


phosphoric 
acid 


phosphoric 
acid 


phosphoric 
acid 


phosphoric 
acid 


phosphoric 
acid 


REPLICATION OF DNA—The first step in the 
replication of DNA is the separation of this 
double-stranded molecule into two strands 
(red and blue dots represent the two strands). 


complementary nucleotides are attracted. The 
nucleotides unite with the separated strands, 
forming complementary strands and complet- 
ing the formation of two double-stranded DNA 


j molecule. Each molecule contains 
t- -ode for the synthesis of an enzyme. 


nzyme is a protein, and each triplet, 
€ t of three adjacent nitrogen bases in 
€ trand, represents the code for one 
i ` acid in the protein molecule. The 
í of the triplets along the DNA mole- 
€ determines the order in which the 
ë acids are assembled when the en- 
2 molecule is synthesized. 

ause the DNA of the chromosomes 
i nfined to the nucleus, and because 
I ins are synthesized on the ribosomes 
ir -ne cytoplasm, the information resid- 
ins in the genetic code must be trans- 
ferred to the cytoplasm. This is done by 
RNA. Three types of RNA are involved 
in protein synthesis: ribosomal RNA, 
messenger RNA, and transfer RNA. Ri- 
bosomal RNA is present in the ribosomes, 
and it affords a site on which the protein 
is synthesized. 

The synthesis of messenger RNA 
(mRNA) in the nucleus resembles that 
of DNA. One strand of the DNA mole- 
cule acts as a template on which a single 
strand of mRNA is formed. In this case, 
the nucleotides contain ribose rather than 
deoxyribose, and a nucleotide containing 
uracil rather than thymine is attracted to 
the position opposite the adenine of the 
DNA strand. In this way, the genetic code 
is transferred to the mRNA molecule, 
with uracil substituting for thymine in 
the code. The mRNA travels from the 
nucleus to the ribosomes in the cyto- 
plasm where it is positioned temporarily 


molecules. 
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PROTEIN SYNTHESIS—a = DNA; b = mRNA; c = ribosomal RNA; d = tRNA; e = growing polypeptide chain. 


on the ribosomal RNA. 

Within the cytoplasm are several va- 
rieties of transfer RNA (tRNA) mole- 
cules. Each one is specific for one of the 
20 naturally occurring amino acids, and 
each bears this amino acid at one end of 
the molecule. At another part of the 
tRNA molecule, a triplet of nitrogen 
bases is exposed. This triplet is different 
for each of the different tRNA types, and 
it is attracted only to its complementary 
triplet on mRNA. As mRNA moves across 
a ribosome, the appropriate tRNA mole- 
cules approach the mRNA in the exact 
order dictated by the genetic code of 
triplets that it bears. In this way, the 


amino acids are assembled in an order 
corresponding to the genetic code re- 
siding in the DNA molecules of the 
nucleus and carried to the cytoplasm in 
the mRNA molecule. As the amino acids 
are brought into correct position by the 
tRNA, they are released from the tRNA 
molecules; they then react with each 
other, forming a polypeptide. The poly- 
peptide molecule may be a complete en- 
zyme, or several may unite forming a 
larger molecule. 

Because only some DNA molecules 
function at any one time, only certain 
mRNA molecules are present at that time. 
Only the corresponding enzymes are pro- 


— 


duced, and only the reactions catalyzed 
by those enzymes can occur. The func- 
tioning of different DNA molecules at 
appropriate times coordinates the chemi- 
cal reactions occurring within the cell. 

What turns particular DNA molecules 
“on” and “off” is not understood com- 
pletely, but it is known that the presence 
of a given substrate can induce the syn- 
thesis of its enzyme, and that the accumu- 
lation of the product of a reaction te- 
presses the synthesis of an enzyme. In 
multicellular organisms, hormones pro- 
duced in one part of the body may im- 
tiate the action of certain DNA molecules 
in the cells of another part. 
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COARSE ENDOPLASMIC RETICULUM—The these line the membranous endoplasmic retic- 
left side of this electron micrograph is occu- ulum. Numerous mitochondria b are scattered 
pied by a nucleus. To the right is cytoplasm throughout the cytoplasm. 

with small, spherical ribosomes a. Many of 
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THE CHEMISTRY 
OF THE CHE | inorganic substances 


All the vital processes of living things 
depend on specific chemical reactions 
among the diverse organic compounds 
that make up living matter. To under- 
stand the complex organic compounds of 
which organisms are composed, it is nec- 
essary to examine first the elements and 
inorganic compounds from which they 
are synthesized. 


ELEMENTS ESSENTIAL 
FOR LIFE 


Although virtually all the elements can 
be found in living cells, only a few of the 
92 naturally occurring elements are a 


COMPOSITION OF THE HUMAN BODY—The 
height of the colored bands is proportionate 
to the approximate amount of each element. 


chlorine magnesium 


permanent part of the constitution of or- 
ganisms or play an essential role in their 
metabolism. Most of the biologically im- 
portant elements have low atomic num- 
bers and low atomic weights. One of them, 
carbon, has the unusual property of being 
able to react with itself and form long 
chains or rings of carbon atoms. These 
chains and rings are the basis of the 
sometimes large and complex organic 
molecules that are not only characteristic 
of life but are an integral part of it. Most 
of the other essential elements react with 
the carbon and become part of the or- 
ganic compounds. 

Essentially all organic compounds in 
living things contain carbon, hydrogen, 
and oxygen, the three most abundant 
elements in cells. They account for about 
93 percent of the weight of the human 
body. Carbohydrates and fats contain 
only these three elements, although some 
of their derivatives may contain addi- 
tional elements. Water, which is essential 
for all life, is composed of only hydrogen 
and oxygen. 

Nitrogen is equally necessary for liv- 
ing things. It is a part of all amino acids, 
which are the constituents of proteins; 
and it is part of deoxyribonucleic acid 
(DNA), which is the genetic material, 
and ribonucleic acid (RNA), which func- 
tions in the synthesis of enzymes, which 
themselves are proteins. Carbon, hydro- 
gen, oxygen, and nitrogen comprise about 
97 percent of the human body by weight. 


oxygen = 62.43 
carbon = 21.15 
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chlorine 
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ELEMENTAL COMPOSITION OF THE HUMAN BODY 


Several elements account for the re- 
maining 3 percent. Some of them are 
present in large enough concentrations 
that they could be detected easily by the 
relatively crude methods of chemical 
analysis of a hundred years ago. These 
elements are called macronutrients. The 
micronutrients are present in such mi- 
nute quantities that only the more refined 
methods of modern chemistry were able 
to detect their presence. Sometimes they 
are said to be present in traces, and for 
this reason they often are called trace 
elements. 


MACRONUTRIENTS 


The macronutrients include calcium, 
phosphorus, potassium, sulfur, chlorine, 
magnesium, sodium, and iron. Sodium is 
required by animals, but it is not known 
to be needed by plants. Iron is required 
in quantities intermediate between those 
of most macronutrients and micronutri- 
ents; for this reason it sometimes is clas- 
sified with the latter group. 

Calcium is a major constituent of the 
bones and teeth of animals and of the 
middle lamella, the cementing substance 
that holds the cells of plants together. It 
also plays an important role in the clot- 
ting of blood. Milk and its products are 
the main source of calcium in the west. 
In tropical and eastern lands, the bones 
of small fishes, certain cereals and vege- 
tables, and sea salt are good sources. 


total = 99.967% 


osphorus is a constituent of sev- 
compounds found in all living cells: 
ie acids, both DNA and RNA; 
vosine triphosphate (ATP), an en- 
transferring compound; several co- 
. vmes; and phospholipids, are com- 
nts of the cell membranes. It is also 
portant constituent of bone. 
tassium is a macronutrient that is 
+ known to become incorporated into 
© nie compounds, Its role seems to be 
of an enzyme activator. 
ifur is part of three amino acids 
toine, cystine, and methionine) and 
. uch also is part of many proteins. It 
i o a constituent of coenzyme A. 
dium and chlorine function in the 
© \tenance of proper osmotic balance 
i imal cells, and are involved in the 
vnission of nervous impulses. 
agnesium is part of the chlorophyll 
`scule of plants and as such is essen- 
in photosynthesis. It functions as an 
me activator in both plant and ani- 
1 cells and is one of the constituents of 
l Magnesium is also an important 
ictural component of ribosomes. 
von occupies the center of the heme 
ecule, which is a part of several en- 
zymes associated with respiration, espe- 
cially hemoglobin and the cytochromes. 
Recently it has been found to be a part 
of ferredoxin, a nonheme protein that 
catalyzes one step in the photosynthetic 
process, 


MICRONUTRIENTS 


The micronutrients comprise only a small 
fraction of one percent of the living orga- 
nism. They are required in such small 
quantities that they all probably function 
as parts of enzymes or as enzyme acti- 
vators. Among them are manganese, cop- 
per, chromium, zinc, cobalt, molybde- 
num, boron, vanadium, selenium, iodine, 
and fluorine. Not all of them are known 
to be required by all organisms. At pres- 
ent, boron and molybdenum are known 
to be required by plants but not by ani- 


HEME—The red respiratory pigment hemo- 
globin consists of a protein and four heme 
molecules. The iron atom in each heme mole- 
cule combines with oxygen which it transports 


from the lungs to other tissues of the body. 
(a = iron, b = oxygen, c = nitrogen, d 
= carbon, e = hydrogen.) 
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= BEGAN IN WATER—This sea anemone 
‘a celenterato), like most other animals, 
water. Even terrestrial animals are de- 
on water and contain an internal sup- 
pi their body fluids. (3 X) 


1 and vanadium may be needed by 
ı few plants and invertebrates. 
1y trace elements are poisonous if 


I at in the living cell in more than 
t quantities. Advantage sometimes is 
i of their toxic properties. Copper 
t sounds, for instance, are used to kill 


in farm ponds; and some ointments 
ning zinc are used to discourage 
t owth of fungi on sores and wounds. 


S {CES OF NUTRIENTS 


I plants and animals obtain nearly 
elements they require in the form 

€ ıpounds rather than in elemental 
f Plants receive their carbon from 
t rbon dioxide gas of the air and most 
o ir hydrogen from the water they 
b from the soil. Their oxygen comes 

f the oxygen gas of the air and the 
€ ı that is part of the carbon dioxide 
I ile, The former is used in respira- 
ti nd the latter becomes incorporated 
i rganic compounds. Plant roots ab- 


s carly all the remaining elements 
in form of mineral salts dissolved in 
sí vater. 

ints remove from the soil not only 
t substances that they require, but 
€ ; as well. Some plants become dan- 


gous to animals because of the poison- 
ous substances they accumulate in high 
quantity. Cattle, for example, suffer from 
selenium poisoning if they graze on plants 
growing in selenium-rich soil. 

Animals inhale oxygen from the air, 
and they drink water; but they obtain 
nearly all other chemical compounds 
they need from their food. Unable to 
utilize carbon dioxide as plants do, ani- 
mals get their carbon from the organic 
substances in the plants or animals that 
they eat. This is true also of nearly all 
the minerals that they require. The min- 
erals are absorbed from the soil by plants 
and then reach the animals after the 
plants are eaten. Man benefits from ag- 
ricultural research on the improvement of 
food crops through plant breeding. 


WATER 


Although few details are known about 
the origin of life, it seems certain that it 
began in water. All active, living cells 
consist mostly of water; often they are 
more than 65 percent water. Only dor- 
mant structures like seeds or spores con- 
tain as little as 10 percent water. 

The metabolism of all living things de- 
pends on a plentiful supply of water. 
Most species of animal live in water, and 
those that live on land carry a small pri- 
vate supply within their bodies in the 
form of blood or other body fluids. 

Water has been called the universal 
solvent because it dissolves a wide variety 
of substances. Almost all the chemical 
reactions that occur in living things take 
place in water, and the reactants and 
products of these reactions are soluble 
in water. Minerals are dissolved in water 
before plants absorb them, and most sub- 
stances must be dissolved in the water of 
the body fluids before they can be trans- 
ported throughout the body. The whole 
series of chemical actions that are inti- 
mately related to the life of an organism 
—vegetable or animal—are associated 
with changes that take place in solution. 
It is known that the younger an animal, 


the richer it is in water content. It has 
been shown also that the fatter an ani- 
mal, the smaller the percentage amount 
of water present. 

Studies with heavy water and radio- 
active water have shown that exchange 
occurs between ingested water and meta- 
bolically derived water in the cells. Some 
water in cells is closely associated with 
proteins and other cellular constituents; 
it is known as bound water. Although 
some forms of life require little water, 
no life can exist without some water. 

The problem of maintaining a proper 
water balance is different for animals 
that live in the desert, in moist air, in 
fresh water, in the sea, and in salt lakes. 
In many marine invertebrates, the total 
concentration of solutes in the blood is 
the same as that in the sea. In con- 
trast, marine bony fish must continually 
excrete quantities of salts in order to 
keep their blood more dilute than the 
environment. Animals that colonize estu- 
aries must keep their blood more concen- 
trated than the water, often by active 
absorption of salts. Freshwater animals 
have mechanisms for excreting excess 
water, while land animals have mecha- 
nisms that limit evaporative loss and 
urinary loss of water. 


WATER — This illustra- 
tion represents the 
water molecule. The 


angle between the two 


atoms of hydrogen and 
the oxygen atom is 
about 105°. 
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THE CHEMISTRY 


OF THE CELL—Il 


A cell is not merely a sack of the several 
compounds that it absorbs from its envi- 
ronment. Once inside the cell, these com- 
pounds undergo several reactions that 
convert them into other compounds—usu- 
ally more complex compounds that serve 
several functions within the cell. Some 


CARBOHYDRATES 


Carbohydrates received their name from 
the fact that they contain carbon, hydro- 
gen, and oxygen, and that the hydrogen 
atoms and oxygen atoms exist in the same 
proportion that they do in water: 2:1. 


© 


are the structural materials that form the 
basic framework of the cell: the several 
membranes of the cytoplasm, nucleus, 
ribosomes, other bodies within the cell, 
and the matrix of the cytoplasm; and, in 
plants and bacteria, the cell wall. Others 
are primarily energy sources that are 
stored until a supply of energy is needed; 
they are then oxidized in the energy- 
releasing process of respiration. A third 
function served by organic compounds 
is the catalysis or speeding up of reac- 
tions within the cell; these substances 
are enzymes. 

Three main groups of organic com- 
pounds perform these functions. They 
are carbohydrates, lipids, and proteins. 
All three groups contribute to the struc- 
ture of the cell. Energy is obtained mostly 
from carbohydrates and lipids, rarely 
from proteins. All enzymes are proteins 
in whole or in part. 


GLUCOSE—The diagram represents the struc- 
ture of the glucose molecule. 


hydrogen 


The simplest of the carbohydrates are 
the simple sugars or monosaccharides. 
They are highly soluble in water and thus 
are transported readily throughout the 
organism. 

The commonest of the monosaccharides 
is the sugar glucose, which has the form- 
ula C,H,20,; another name for this sugar 
is dextrose. It is found in nearly all living 
cells and is readily oxidized in the process 
of respiration in living cells; thus, it is 
one of the most immediately available 
energy sources that a cell can use. Fruc- 
tose, or fruit sugar, has the same formula 
as glucose, but the arrangement of the 
atoms within the molecule is different. 
It, too, can be oxidized readily. Galactose 
is a third monosaccharide with the same 
formula but with yet another configura- 
tion. Ribose (CsH100s) ordinarily is not 
used as an energy source but is present 
in larger, more complex molecules. One 


carbohydrates and lipids 


or; 


SUGARS—Glucose (Illustration 2a) has a 
feathery appearance when viewed under the 
polarizing microscope. (37 X) Sucrose (Illus 
tration 2b), or common table sugar, has a 
different appearance in polarized light. (150 x) 
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oxygen 


b 
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I 

l carbon 
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l B CHITIN—Chitin (Illustration 3b), seen here 

| under the polarizing microscope, is a com- 

L ponent of the exoskeletons of insects and 
crustaceans and the cell walls of fungi. (54 X) 
Illustration 3a represents the molecular struc- 
ture of chitin, a polysaccharide that bears 
nitrogen-containing side groups. 
3b 

of is adenosine triphosphate (ATP), 

w ransfers energy within the cell. 

It part of ribonucleic acid (RNA), 

w ontrols in part the synthesis of 

er within the cell. Deoxyribose 

(€ ),) lacks one oxygen atom; this 

st part of deoxyribonucleic acid 

(I which is the genetic material of 

th 

harides are compounds formed 

b lensation reactions between two 

n :«ccharides. Two hydrogen atoms 

anci an oxygen atom are removed from 

the actants and form a molecule of 

water. A common disaccharide is sucrose, 

or table sugar, which is formed from glu- 


cose and fructose: 


CoH, 204 + CoHi204 
glucose fructose 


> C,2H.201; + H:O 
sucrose water 


Lactose, or milk sugar, is the sugar found 
in milk; it is formed from glucose and 
galactose. Disaccharides are soluble in 
water. They cannot be oxidized in res- 
piration, but they can be digested to their 


a 
o\ * 


L 
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FATS—A fat (triglyceride) is formed by the 
condensation of a glycerol molecule with three 


component monos: 
be oxidized. 


scharides, which can 


C J)a + HO 
disaccharide water 
> CyHy204 + CoH, 0, 
monosac- c- 
charide charide 


A larger molecule formed by a con- 
densation reaction between two or more 
molecules is called a polymer. The react- 


fatty acid molecules. In the illustration, the 
three fatty acids are indicated as the three 


ing molecules are either identical or simi- 
lar. Many natural polymers have large 
numbers of repeating units. Among them 
are the polysaccharides. 

Polysaccharides are formed by the con- 
densation of three or more monosaccha- 
rides arranged in a long chain. Those 
with only a few monosaccharide units are 
called oligosaccharides; most of them are 
soluble in water as are the monosaccha- 
rides and di harides. Because poly- 
saccharides with high numbers of mono- 


radicals. They may all be the same fatty acid, 
or two may be alike, or all three different. 


saccharide units—often 1,000 or more 
—are insoluble in water, they are not 
readily transported within the living or- 
ganism, and thus they serve well either as 
structural components of the cell or as 
food reserves. Like disaccharides, poly- 
saccharides are not oxidized, but they 
can be digested to monosaccharides that 
either can be oxidized in the same cell 
in which the digestion occurred, or can 
be transported to those parts of the org’ 
nism where energy is need 


llulose, starch, and glycogen are 


po saccharides with glucose as the re- 
pe ing unit. The glucose units form long 
cl as that may be branched or un- 
} ‘hed, and in cellulose they are un- 
I ved, Starch consists of a mixture of 
l 


hed and unbranched chains. 

lulose and starch are synthesized by 
I Cellulose is the main structural 
i nent of the plant cell wall, and 
i ‘tributes to the rigidity of some 
Į varts. It is not readily digested by 
1 vals, but it can be digested by some 

bacteria that live in their digestive 


s s. Cows and other ruminant ani- 
m ceive much of their nutrition from 
tl oducts of cellulose digestion by the 
b ia that live in their specially modi- 
fic »machs. Human beings have cel- 
lu digesting bacteria in the large in- 
te because little food is absorbed 


i he body from the large intestine, 
h er, cellulose is of little nutritive 
v to human beings. 

y plants store their excess food in 
tl in of starch, which can be digested 


r to glucose, which then is respired 
“ 1e release of energy. Because hu- 
m ings and many animals can digest 
st they find cereal grains, potatoes, 


and other starch-rich plant parts 
acceptable foods, 
ogen is called animal starch be- 


ca it is similar chemically to starch 
a » found in animals but not in most 
p! After a meal, glucose that has 
boos absorbed by the small intestine is 


trans sported by the circulatory system to 
the liver, where the glucose is converted 
to glycogen and stored until it is needed. 
The glycogen is digested to glucose 
whenever the glucose level of the blood 
drops, 

Chitin is a modified polysaccharide, 
each glucose unit of which bears a nitro- 
gen-containing side chain. Chitin forms 
the hard exoskeletons of insects and 
crustaceans and the cell walls of fungi. 


LIPIDS 


Lipids include the fats and several fat- 
like substances. All contain carbon, hy- 
drogen, and oxygen, but the oxygen con- 
tent is very low, Most of them are 
insoluble in water. A fat molecule is 


formed by the condensation of three 
fatty acid molecules with glycerol, a 
polyalcohol: 


H 
H-C-OH (0) 
H-G-OH +3 Ho-U-(CH,),-CH, > 
H-C-OH 
it 
glycerol fatty acids 
H 
o 
H-C-O- lL (CH,),—CHy 
oO 
H-C-0-— L (CH:):—CH; + 3H,0 
oO 
H-C-0- p (CH:)x—CH; 
H 


fat water 


The x in the preceding fatty acid formula 
is an even number, for fatty acids are 
synthesized by the addition of two-car- 
bon units to the chain of carbon atoms. 
The three fatty acids contributing to the 
synthesis of a fat molecule may be the 
same, or they may be different. Diges- 
tion of fats produces glycerol and fatty 
acids, 

Saturated fatty acids are those having 
no double bonds between the carbon 


H HHH H H H H H 
E | 


H-C-C- 1-¢-C- -¢- c- b-6-« 
Let 
HHHHHHHHH 


HHH HH H HH 
| | | 
H-¢-0-6-€ -C-C-C-C-C= 


el A 
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atoms, Unsaturated fatty acids have one 
or more double bonds; because of this 
the molecules have fewer hydrogen atoms 
than they otherwise might have. Stearic 
acid is a saturated fatty acid (see Struc- 
ture a). 

Oleic acid is the most widely distrib- 
uted of all the fatty acids. Apparently it 
occurs to some extent in all oils and fats. 
Oleic acid is unsaturated (see Struc- 
ture b), 

Acids with several double bonds are 
polyunsaturated acids, 

Fats are a second type of reserve food 
stored by the body. The fats accumulate 
as globules in the cells of the adipose 
tissues that are distributed throughout 
much of the body. 

Phospholipids have a phosphate group 
in the place of one of the fatty acids, and 
the other groups may be attached to the 
phosphate group. One phospholipid, 
lecithin, is one of the structural compo- 


CH,OCOR 

| 

CHOCOR 

| 70- 

CH;0- É 
So 


OCH,CH,N * (CHy),, 


nents of the cell membranes, including 
the plasma membrane, the endoplasmic 
reticulum, the nuclear membrane, and 
the membranes of which mitochondria 
and chloroplasts are composed, 


H H HHHHH ji oO 
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THE CHEMISTRY 
OF THE CFEC | proteins, structural compounds 


One of the most important groups of or- 
ganic substances consists of the proteins 
and their related compounds, The role 
of those proteins that are enzymes—the 
catalysts that speed biochemical reac- 
tions in cells—is essential to life. Some 
proteins or similar compounds are hor- 
mones, and they, too, exercise a regula- 
tory function in the body. Other proteins 
are structural compounds; they are one of 
the major components of the cellular 
membranes and other parts of the cell. 
Finally, the antibodies are proteins with 


an important function: defense against 
infectious disease. 

Proteins are large molecules of high 
molecular weight; these molecules are 
polymers consisting of chains of variable 
numbers of amino acids—often a few 
hundred. In addition to carbon, hydro- 
gen, and oxygen, all amino acids contain 
nitrogen, and a few have a little sulfur 
as well. Nearly all proteins, therefore, 
contain carbon, hydrogen, oxygen, nitro- 


gen, and small amounts of sulfur. In addi- 
tion, phosphorus and other elements are 
present in a few proteins. 


i i 


n 
| nitrogen 
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AMINO ACIDS 


Amino acids, the repeating units of pro- 
teins, vary in composition, but all amino 
acids share two features. One end of the 
molecule consists of a carboxyl group 
(—COOH), which is an acid group. Ad- 
jacent to the carbon atom of the carboxy] 
group is another carbon atom, and this 


J 
— 


GLYCINE—The simplest natu urring 
amino acid has the features c to all 
amino acids: a carboxyl group 1) and 
an amino group (—NH,). The group 


hydrogen 


atom bears an amino group (—NH,). 
The remaining part of the molecule var- 
ies and is indicated in structural formulas 
by an R, for radical: 


R 
N H.—C-—COOH 


H 


In glycine, the simplest amino acid, the 
radical is simply a hydrogen atom. In 


PEPTIDE BOND—A condensation reaction be- 
tween two amino acid molecules forms a di- 


-9 


peptide bond 


at peptide molecule and a water molecule. The 
— peptide bond CO—NH is typical of polypep- 
5 tides, which are long chains of amino acids 
united by condensation reactions. 
al attached to the carbon atom adja- incorporation into proteins, some of these 
ce e carboxyl group. Other amino acids amino acids may be ified i hi 
are with chains of three or more car- “ Ay be maces noote 
b is amino acids. 


THE PEPTIDE BOND 


A condensation reaction between two 
amino acid molecules occurs between 
the carboxyl group of the one molecule 
and the amino group of the other. As in 
many other condensations, a molecule of 
water is produced: 


i 1 | el 
| I| 
2HN-C-C-0OH —> H;N-C-C-N-C-C-0H + H;O 


l 
H 
amino acids 


The larger molecule formed from the two 
amino acids is a dipeptide, and the bond 
between the two amino acid units is a 
peptide bond. 

Like an amino acid, a dipeptide has 
one amino group and one carboxyl group, 
both of which are capable of reacting 
with other groups. In this way, a long 
chain of amino acids can be linked to- 
gether by peptide bonds formed in con- 
densation reactions. Such a chain is 
called a polypeptide: 


other amino acids, it consists of a side 
chain of one or more carbon atoms. Two 
amino acids, cysteine and methionine, 
have sulfur in the side chain; and cystine, 
which is formed from two cysteine mole- 
cules, has two sulfur atoms in the center 
of the molecule. In some amino acids, the 
side chain may contain an additional 
carboxyl or amino group. In the forma- 
tion of proteins, 20 naturally occurring 
amino acids are utilized by cells. After 


| 
H 


PROTEINS 


Some of the simpler proteins consist of 
only a single polypeptide, but many pro- 


RO Ha eh 


| Il 
R O 
dipeptide 


water 


teins are formed by the joining of a few 
polypeptides. This union is not by means 
of peptide bonds, but by chemical reac- 
tions between the reactive groups of the 
side chains. The sulfur-containing radi- 
cals and those with carboxyl and amino 
groups are important in this respect. 
Hemoglobin, the oxygen-transporting 
protein of the blood, consists of four 
polypeptides and four heme molecules; 
the latter are not proteins. The total 
complex is a conjugated protein. 
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FUNCTIONS OF PROTEINS 


Because all substances must undergo 
continuous chemical transformations, en- 
zymes are proteins that are indispensable 
for living things. Without enzymes, most 
of these reactions would be so slow as 
practically not to occur. Enzymes in- 
crease the rates of these reactions and 
thereby make life possible. The number 
of enzymes is nearly as great as the num- 
ber of chemical reactions that occur in 
living cells, for nearly all biochemical re- 
actions are catalyzed by enzymes that are 
specific for each reaction or type of re- 
action. 

Some of the hormones in the human 
body are proteins or polypeptides. Two 
protein hormones are insulin, which is 
secreted by the pancreas and regulates 
glucose level in the blood; and the so- 
matotropic hormone, which is formed in 
the pituitary gland and regulates growth. 
The pituitary gland also secretes the 
luteinizing hormone (LH), which stimu- 
lates the production of some sex hor- 
mones by the ovaries and testes, and the 
thyrotrophic hormone (TSH), which 
stimulates the thyroid gland to secrete 
thyroxin. Both LH and TSH are glyco- 
proteins, proteins in chemical combina- 
tion with polysaccharides. The adreno- 
corticotrophic hormone (ACTH) is a 
polypeptide produced by the pituitary 
gland; ACTH regulates the functioning 
of the cortex of the adrenal gland. Oxy- 
tocin and vasopressin are cyclic poly- 
peptides with hormonal activity. The for- 


POLYPEPTIDE CHAIN—In space, the poly- 
peptide is coiled in a helix. The repeating 
—C—C—N— backbone of the molecule is 
shown but not the side groups. 


ee 


mer stimulates the contraction of muscles 
of the uterus during childbirth, and the 
latter controls the permeability of mem- 
branes to water. 


Other proteins are stru com- 
pounds; together with lipids com- 
prise the major components e sev- 
eral membranes of the cell. jlasma 
membrane that surrounds evc Il reg- 
ulates the entrance of materi: to the 
cell and the exit of other mat from 
it. The nuclear membrane, v ) sur- 
rounds the nucleus, performs « similar 
function for that organelle. Mitochondria, 
chloroplasts (in plants), and some other 


organelles consist primarily of a complex 
of folded membranes on which important 
biochemical reactions occur. Respiration 
is a series of several chemical reactions, 
some of which take place on the mem- 
branes of the mitochondria. Similarly, 
some of the individual reactions in photo- 
synthesis occur on the membranes of the 
chloroplast. Many of the proteins in the 
cellular membranes may have enzymatic 
as well as structural functions. Additional 
proteins are present in certain nonmem- 
branous parts of the cell: chromosomes, 
ribosomes, and the matrix of the cyto- 
plasm. 

Some nonliving portions of some ani- 
mals consist largely of proteins: hair, 
horns, hoofs, and fingernails. 


CHROMOSOMES 
j ND GENES | the treasure-houses of hereditary traits 


ually reproducing species, each or- 
1 is formed by the union of two 
es, an egg from the female parent 
sperm from the male. These two 
ansmit hereditary traits from par- 
their offspring. The genetic (he- 
y) material consists of genes that 
ted on elongated structures called 
omes, and the chromosomes lo- 
the nucleus of every cell of an 

il. Each cell has a fixed number 
nosomes, half of which came 
female parent of the individual 

lf from the male parent. The 
of chromosomes varies from one 
to another. Some simple forms of 
a single set of genes and chro- 

s during most of their life cycle. 


MORPHOLOGY OF THE 
CHROMOSOMES 


It is easiest to study the morphology of 
chromosomes when they are in meta- 
phase or anaphase of mitosis; at this 
time they are short and thick and can be 
seen most clearly. During other phases 
of mitosis the chromosomes are too thin 
and elongated for effective examination. 

During metaphase and anaphase the 
chromosomes have rodlike forms of vari- 
ous sizes (in man they measure from 1.64 
to 9.12 um ). Chromosomes consist mostly 
of material that is easily colored with 
common biological stains, and so this 
material is called euchromatin. Some- 
where along the length of each chromo- 


some is a constriction known as the pri- 
mary constriction, in which a special 
organelle—the centromere—is found. The 
primary constriction absorbs much less 
color than does euchromatin and so is 
said to be composed of heterochromatin. 
The centromere is the point at which the 
chromosomes are attached to the fibers of 
the central spindle, along which, during 
anaphase, they migrate toward the poles. 
The parts of a chromosome on either 
side of the centromere are its arms. 
According to the positions of the cen- 
tromeres, chromosomes can be divided 
into three categories: metacentric, sub- 
telocentric, and telocentric. Chromo- 
somes are metacentric when the centro- 
mere is in a median or paramedian 


)SOMES UNDER THE ELECTRON 
`OPE—Chromosomes are clearly evi- 
yese sections of plant cells as seen 
electron microscope. Illustration 1a 
section of a Haplopappus gracilis 


cell. (27,000 X) The dark structure visible at 
the center is a subtelocentric chromosome in 
the form of a J. It consists of closely packed 
fibrils of nucleoprotein (DNA and histones) of 
about 100 A in diameter. The DNA in these 


lb 


fibrils contains the genetic code. Illustration 
1b shows chromosomes in mitotic metaphase 
in a cell in a stamen filament of Tradescantia. 
(17,000 X) 
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CHROMOSOMES OF THE FRUIT FLY—Each 
cell of the fruit fly Drosophila melanogaster 
has four pairs of chromosomes: two pairs of 
V-shaped, metacentric chromosomes, one pair 
of dot-shaped chromosomes, and one pair of 
sex chromosomes. In the female, the two sex 


position and the chromosome has a V or 
horseshoe shape because its arms are of 
equal or nearly equal length. It is sub- 
telocentric when the centromere is in a 
subterminal position and the chromo- 
some has the form of a hook or a J, 
wherein the arms are of very different 
lengths. A chromosome is telocentric 
when the centromere is at the end of the 
chromosome, which in this case has only 
one arm in the shape of a simple rod. 
Often, in addition to the centromere, 
the chromosome has other constrictions, 
called secondary constrictions, at various 
points along the two arms. Occasionally 


AY 


XY 


chromosomes (XX) are similar and have a 
rod-shaped form. In the male, one is rod- 
shaped (X), while the other (Y) is J-shaped 
(Illustration 2). 

DETERMINATION OF SEX—During the for- 
mation of gametes, the two sex chromosomes 


one of these constrictions is located near 
one extremity of the chromosome and 
isolates a rounded portion called a 
satellite. 


AUTOSOMES AND SEX 
CHROMOSOMES 


The maternal and paternal chromosomes 
in each cell occur in pairs. The two mem- 
bers of a pair are called homologous chro- 
mosomes, and they are identical both in 
form and size. With one exception, the 
chromosomes form pairs that are the 
same in the cells of both sexes and are 


enter different gametes. All the ec: 


juced 
by the female parent contain an omo- 
some; half of the sperms produc: y the 
male parent contain an X chrom and 
half contain a Y chromosome. lí gg is 
fertilized by an X-bearing spern: off- 
called autosomes. The sex chro mes, 
however, are not always paire:. Many 
species have two different sex ~ omo- 
somes (X and Y) in one sex (calico the 
heterogametic sex) and two like ones 


(XX) in the other sex (called the homo- 
gametic sex). In this case X and Y differ 
in shape and size. In the mammals (in- 
cluding man) and in many insects, fe- 
males have an XX pair, and males have 
an X and a Y chromosome. In some in- 
sects (the squash bug, for instance ), the 
females have two X chromosomes, and 
the males have an X but no Y. In butter- 
flies, moths, birds, reptiles, and some 


will have two X chromosomes and will 
b nale; if, instead, the sperm bears a Y 
€ some, the offspring will have an X and 
smosome and will be male (Illustration 


f ind amphibians, the males have 
two A chromosomes, and the females 
bave either an X and a Y or only one X. 


i GENES 


Human beings have 46 chromosomes— 
22 pairs of autosomes and a pair of sex 
chromosomes. On these few chromo- 
somes are thousands of genes, which are 
responsible for the transmission of thou- 
sands of hereditary traits from one gen- 
eration to another. Genes are so small 
that they cannot be seen through a micro- 
scope, but the results of genetic experi- 


POSITION OF THE GENES—Genes—the 
elements that determine the inheritance of 
characteristics—are disposed on the chromo- 
somes in a linear arrangement in positions 
(loci) that are identical in homologous chro- 
mosomes. Illustration 4 shows the arrange- 


ments indicate that genes are arranged 
in linear fashion in the chromosome. The 
position of each gene is called its locus, 
and there is one gene at each locus. An 
analogy might be drawn between a chro- 
mosome and a string of pearls, in which 
each pearl represents a gene. Two homol- 
ogous chromosomes are, therefore, com- 
parable to two necklaces of equal length 
in which the pearls are perfectly paired. 


THE GENETIC CODE 


The major chemical components of chro- 
mosomes are large molecules: the nucleic 


ment of the genes that regulate the develop- 
ment of the wings and the eyes of Drosophila. 
Gene aj, for example, governs the form of the 
wing. Genes b,, bz, bs, and by, together gov- 
ern the color of the eyes. 


acids (DNA and RNA) and proteins. Of 
these, DNA contains the genetic code, 
or hereditary message. What an orga- 
nism is depends in large part on the 
chemical reactions that occur in its cells; 
because most of these reactions are con- 
trolled by enzymes, and because enzymes 
are proteins, the synthesis of proteins is 
extremely important. The genetic code 
in the DNA molecules regulates what 
enzymes are produced; in this way DNA 
affects many of the characteristics of the 
individual. Hair color and eye color are 
examples of traits that are controlled by 
DNA. 
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MITOSIS | the cell that multiplies by dividing 


A favorite saying in biology is that cells 
multiply by dividing. In the process of 
cell division, two cells originate from a 
single parent cell that thereby loses its 
identity. Ordinarily, the two daughter 
cells are about half the size of the parent 
cell. After division (or even during it), 
the daughter cells begin to increase in 
size. When they reach the size of the 
parent cell, they may divide again. These 
alternate processes of division and growth 
of cells are responsible both for increase 
in numbers of individuals in populations 
of unicellular organisms and for growth 
of multicellular organisms. 

The factors that control mitosis are not 
well understood. One factor is probably 
the surface-volume relationship. When a 
cell increases in size, its volume increases 
at a faster rate than does its surface area. 
This is true of any three-dimensional ob- 
ject; as it increases in size, the surface 
area increases as the square of the linear 
dimensions, and the volume increases as 
the cube of the linear dimensions, The 
materials that a cell needs must enter 
through its surface, and its waste prod- 
ucts must leave through the surface. The 
rate at which these substances can move 
across the cell membrane is limited by 
its surface area, but the need of the cell 
for foods and other materials and its pro- 
duction of waste products are propor- 
tional to its volume. A certain size is 
reached, therefore, when the surface area 
is too small for the proper functioning of 
the cell. The same problems occur in the 
case of the nucleus (and its membrane ) 
as it increases in size, These problems are 
alleviated when the cell and its nucleus 
divide in two. The- relationship of the 
size of nucleus to that of the cytoplasm 
also may be important, 

How the surface-volume relationship 
triggers cell division is not known. One 
hypothesis states that as the cell grows, 
it produces a substance that, when it 
reaches a certain concentration, stimu- 
lates cell division. In plant cells, the pro- 
duction of a wound hormone has been 
demonstrated. This substance, produced 
by wounded cells, initiates cell division 
in neighboring cells. In intact tissues, 
cells in a given area often divide simul- 


taneously (or essentially so); this action 
suggests that a hormone produced by 
healthy tissues may coordinate cell divi- 
sions. 

With the exception of those divisions 
that give rise to reproductive cells, cell 
divisions produce two daughter cells that 
have identical genetic material. They are 
identical with their parent cells in this 
respect. The genetic material is confined 
to the chromosomes of the nucleus, and 
in a single cycle of cell division, each 
chromosome divides, producing two iden- 
tical chromosomes; one of each of these 
pairs goes to each daughter cell. 

The division of the nucleus is known 
as mitosis, and the division of the cyto- 
plasm is known as cytokinesis. The proc- 
ess of mitosis is very exact, dividing the 
genetic material precisely between the 
two daughter cells. In most cases, the 
cytoplasm divides approximately in half, 
and each daughter cell receives about 
half of the mitochondria, ribosomes, and 
other cytoplasmic organelles; occasion- 
ally, the division is far from being equal. 

For convenience, mitosis usually is 
discussed in four phases: prophase, meta- 
phase, anaphase, and telophase. Actually, 
these phases merge gradually one into 
the other, and there is no sharp dividing 
line between them. A nucleus that is not 
dividing is in interphase. 


INTERPHASE 


During interphase, the nucleus is usually 
spherical, but it may be somewhat dis- 
torted by its confinement in a small place 
such as a thin layer of cytoplasm or a 
long, narrow cell. The nucleus, which is 
bounded by a nuclear membrane, con- 
tains the chromosomes, which are so long 
and thin that under the microscope they 
resemble fine threads. Tangled in the 
nucleus, they are difficult to-distinguish, 
Usually there is at least one nucleolus, a 
small spherical body, or there may be 
several. 

The genetic material, deoxyribonucleic 
acid (DNA), is contained in the chro- 
mosomes. The precise composition of 
DNA varies from one part of a chromo- 
some to another part and from one chro- 


mosome to another. The tota A in all 
the chromosomes of a single « ontains 
the genetic information for « ing out 
all the metabolic reactions © orga- 
nism. 

Late in interphase, befor visible 
signs of division can be see: ells ex- 


amined under a light mic vc, the 
DNA replicates itself. The x ition is 
very precise, each DNA mo form- 
ing an exact replicate of itsel t prior 


PROPHASE IN AN ONION CEL! 
mosomes have shortened and |! 
slightly. In this stage each chro 


s, then, the genetic material of 
U is duplicated. 


HASE 


prophase the chromosomes be- 
horter and thicker. As prophase 
lIs, the chromosomes appear 
and it is evident that each con- 
two long threads, or chromatids, 

wound around each other in 


wo chromatids spiraled around each 
000 X) Each chromatid contains a 
set of DNA for that chromosome. 


METAPHASE IN AN ONION CELL—The chro- 
mosomes are arranged on the metaphase 
plate. The very slender fibers of the spindle 


a that join the two poles of the cell are evi- 
dent. (1,300 X) At this stage, the chromosomes 
are well-separated strands. 


spiral fashion. Each chromatid contains 
one complete set of DNA for that chro- 
mosome. The two chromatids are united 
at only one point along their length; this 
point is called the centromere. During 
prophase the nuclear membrane and the 
nucleoli break down and disappear. Fine 
fibers called spindle fibers begin to ap- 
pear at opposite ends, or poles, of the 
cell. As the nucleolus disappears, DNA 
and certain proteins, along with RNA, 
plus other nucleolar constituents—such 
as alkaline phosphatase, phospholipids, 
and zinc—are found in the chromosomes. 

In animal cells, the spindle fibers radi- 
ate from small bodies called centrioles. 
In plant cells, no distinct structures can 
be seen, but the corresponding areas in 
the cytoplasm are called polar caps. 


METAPHASE 


When the spindle fibers have formed, 
they comprise a spindle-shaped body; 
some of them extend from pole to pole. 
Others extend from one pole or the other 
to the centromere of a chromosome. By 
means of these shorter spindle fibers, 
‘hro- 


each chromatid of a metaphase 
mosome is attached to opposite p 
the cell. 


ANAPHASE 


During anaphase the two chromat 
each chromosome separate fron 
other and move to opposite poles 
cell. To the eye, they appear to be 
by the shortening of their spindle] 


two, forming two new cell plant 


cells, the long spindle fiber en to- 
ward the center of the cell orm a 
cell plate that divides the « sm of 
the parent cell, The cell wall 1e two 
new daughter cells form « s cell 
plate. 


DAUGHTER CELLS 


At the completion of mitosis nuclei 
of the daughter cells are genet iden- 
tical with each other and w e nu- 
cleus of the parent cell, Mit: sures 
that every cell of an individ other 
than its gametes) has the s: netic 
constitution, 


ANAPHASE IN AN ONION CELL—The chro- 
mosomes are moving toward the poles of the 
spindle. The chromosomes moving toward one 
pole are identical to those moving toward the 
opposite pole. The individual chromosomes 
are short and thick and are easily distin- 
guished. (1,700 X) 


————_ 


but the exact mechanism of movement is 
not known. After separating, each chro- 
matid is called a chromosome. Because 
identical chromosomes move away from 
each other, the set going to each pole 
contains a complete set of DNA. 


TELOPHASE 


When the chromosomes reach the op- 
posite poles, a nuclear membrane forms 
around each set. The nucleoli reappear 
in the new nuclei, and the chromosomes 
again become longer and thicker. 
Cytokinesis, which completes cell divi- 
sion, usually begins during telophase. In 
animal cells, the cytoplasm pinches in 


- ss 


TELOPHASE IN AN ONION CELL—The chro- 

mosomes begin to lengthen as two new nuclei b 
begin to form. A cell plate divides the parent be 
cell into two cells. (1,300 X) . 
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ANAPHASE IN A CELL OF TRITON—The chro- PROPHASE IN A CELL OF TRI 
mosomes (at top) are arranged at the two mosomes (at bottom) are arrai 
poles of the spindle in this late stage of ana- disorderly manner, but they 4 
Phase. (1,700 X) tinguishable. (1,700 X) 
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MEIOSIS 


Sexual reproduction involves, of course, 
two parents: a male and a female. Even 
in those species in which only one indi- 
vidual may be involved—including many 
plant species and some animal species— 
that individual usually has the sex organs 
of both sexes. 

In animals, the sex organs of males are 
the testes (testis, singular), which pro- 
duce gametes, or sex cells, called sperms 
or spermatozoa. The sex organs of female 
animals, the ovaries, produce gametes 
called eggs or ova (ovum, singular). Fer- 
tilization is the fusion of one sperm with 
one egg. The fertilized egg, or zygote, 
is the first cell in the life of a new indi- 
vidual. 

The zygote undergoes a mitotic cell 
division, forming a two-celled embryo. 
The two cells divide, forming four cells, 
the four form eight, and so forth. An 
adult organism is the result of repeated 
mitotic cell divisions that can be traced 
back to the original cell—the zygote. The 
many cells of the adult are differentiated 
into many tissues and organs. Most of the 
latter—including heart, lungs, muscles, 
brain, and many others—are somatic or- 
gans; their proper functioning is neces- 
sary for the life of the individual. One 
set of organs, the ovaries and testes, are 
the reproductive organs, and these are 
essential for reproduction of all of the 
groups of higher animals and some of 
the lower animals as well, Plants also 
have sexual organs, but their names vary 
among the different groups of plants. 

Every species has a characteristic num- 
ber of chromosomes per cell—a number 
that does not change from generation to 
generation. Because each generation of 
sexually reproducing organisms origi- 
nates by the fusing of cells from two in- 
dividuals of the preceding generation, 
the chromosome number would increase 
with each succeeding generation unless 
some mechanism prevented this. Such a 
mechanism is meiosis, a type of nuclear 
division that is present at one point in 
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ALTERNATION OF MONOPLOID AND DIP- 
LOID CELLS—The monoploid state is rep- 
resented by the smaller cells, and the diploid 
State by the larger ones. The gametes (yellow 


reduction of the number of chromosomes 


sphere = 2 gamete; blue sphere = ¢ ga- 
mete) unite, forming the diploid zygote. Ga- 
metes are formed from diploid cells of the 
adult. 


nal 
pair 


cycle of all sexually reproducing 
In animals, the sperms and eggs 
oduced by meiotic divisions. 
sis consists of two nuclear divi- 
usually accompanied by two di- 
of the cell), One nucleus divides 
ns two and the two divide, form- 
Because the chromosomes pres- 
the original nucleus replicate 
ves only prior to the first division 
between the two divisions, each 
our resulting nuclei has half the 
of chromosomes that the original 
had. 
hromosomes of somatic cells oc- 
airs, and the cells are said to be 
he sperms and gametes possess 
mber of each pair of chromo- 
they are called monoploid (or 
When a sperm fertilizes an 
diploid number is restored. The 
ion of meiosis and fertilization 
ie chromosome numbers constant 
neration to generation. 
sis has an additional significance: 
the chromosomes in any somatic 
an individual are derived from its 
l| parent and half from its ma- 
arent. Although each gamete con- 
ilf of these chromosomes, the dis- 
m of the chromosomes to the 
s is not affected by maternal or 
ial derivation. If, for example, an 
ual has a pair of chromosomes A 
A” derived from maternal and pater- 
parents, respectively, and another 
of chromosomes B and B’ similarly 


derived, then the diploid cells of the in- 
dividual all have the chromosomes A, A’, 


B, anc 


somes, 


B’. With two pairs of chromo- 
four possible combinations are 


possible in the gametes. Some gametes 
will have A and B, some A and B’, some 
A’ and B, and some A’ and B’. Most orga- 


nisms 


have more than two pairs of chro- 


mosomes, and therefore have correspond- 
ingly more possible combinations of 
chromosomes in their gametes. In hu- 
mans, who have 23 pairs of chromosomes, 


mitotic divisions 


primary 


rimary 
s oocyte # 


spermatocyte * 


secondary 


secondary £ 
oocyte 


spermatocytes 


spermatids * egg © 


sperms * 


primary oocytes. These cells undergo 
or reduction division, and their prodi 
shown in green. 


MATURATION OF GAMETES—Mitotic divi- 
sions produce a large supply of diploid cells 
(shown in black), primary spermatocytes, and 


both parents permit a great deal 
netic variation in the offspring. T 
survival value for a species, 

whenever the environment chang 
are likely to be at least a few indi 


the number of possible combinations is 
228 or 8,388,608. This number is made 
even larger by a crossing-over, in which 
chromosomes exchange parts. 

Variations like this in the gametes of 


MEIOSIS—When a diploid cell with 10 chro- 
mosomes divides by meiosis, each of the two 
daughter cells of the first division receive five 
chromosomes, each consisting of two chro- 
matids. The second division produces four 
cells with five chromosomes (Illustration 3). 


SPERMATOGENESIS—Prophase of the first 
division is divided into several steps (Illustra- 
tion 4). Unlike the prophase of mitosis, here 
the maternal and paternal chromosomes pair 
with each other. These chromosomes separate 
from each other at the first division and pro- 
duce unlike cells. 


——_______ 


able to adapt to the new conditions and 
perpetuate the species. Asexual repro- 
duction, which involves only mitosis, 
does not produce such great variations. 
Tt is not surprising, then, that nearly all 
species of plants and animals can repro- 
duce sexually. 

Spermatogenesis, the production of 


diakinesis 


ocondary 
ocyte 


t polar 


GENESIS—This is the process of matura- 
of the female gamete, which also consists 


sperms from spermatocytes, occurs in the 
testes. Primary spermatocytes are diploid 
cells, In the first division of meiosis, each 
primary spermatocyte produces two sec- 
ondary spermatocytes, and these divide 
into four monoploid spermatids. The 
spermatids are spherical at first, but each 
one matures into a sperm cell by becom- 
ing more streamlined in shape and de- 
veloping a thin tail. When introduced 
into the female reproductive tract, the 
sperms swim toward the egg. In most 
animals, including man, millions of 
sperms are produced simultaneously in 


2nd division 


of two successive divisions. Only one resulting 
cell, the egg, is fertile. Three infertile polar 


the testes. 

Oogenesis, the production of eggs from 
oocytes, occurs in the ovary. A primary 
oocyte, which is diploid, undergoes mei- 
otic divisions that produce cells of un- 
equal size. The first division produces a 
secondary oocyte, which is about the 
same size as the primary oocyte, and a 
very small polar cell. In the second divi- 
sion, the secondary oocyte produces an 
egg that is about the same size as the 
secondary oocyte, and a small polar cell. 
The first polar cell divides into two small 
polar cells. The result is four monoploid 


4 resting phase 


bodies are formed. The production of eggs 
from oocytes occurs in the ovary. 


cells, an egg, and three polar cells. Of 
these, only the egg is functional. In some 
animals, including humans, the first polar 
cell may not even undergo the second 
division. The number of eggs produced 
by a female at any one time varies a 
great deal with the species. In fishes the 
number is often large—thousands or even 
millions. In mammals and birds the num- 
ber often is low—usually not more than 
a dozen and often fewer than a dozen. 
In humans, one egg is produced every 
four weeks, and the two ovaries alternate 
in producing the eggs. 
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GENETICS AND 
MENDEL’S in AWS | how characters are transmitted 


“Like begets like” is an old saying reflect- 
ing the common observation that parents 
and children usually resemble each other 
more than do distantly related individ- 
uals. Genetics is the science of heredity; 


MENDEL’S LAW OF SEGREGATION—If a 
white mouse is crossed with a black one, the 
first generation of offspring consists of gray 
hybrids. If these hybrids are crossed with 
each other, their offspring consist of about 25 
percent black mice, 50 percent gray mice, and 


1 


it seeks to explain not only why offspring 
resemble their parents but also why they 
differ in some ways. During the course 
of history, men must often have pon- 
dered this problem, but not until the 


25 percent white mice. Thus, the traits of the 
parental generation (white and black), which 
seem to disappear in the F,, reappear in the 
F2. The gray mice of the F, generation each 
carry one gene for black and one for white. 
When the F, mice form gametes, these genes 


middle of the nineteenth 
Gregor Mendel, an August 
Brünn (Brno, Czechosloy 
experiments that clearly « 
eral basic laws of heredi 


segregate at random, with 

ceiving two genes for white 
one for white and one for t 
receiving two for black. In t 
white nor black color is domir 
this condition is called incom 


ury did 
nonk in 
perform 
hed sev- 
5 results 


mice re- 
receiving 
d others 

neither 
ve other; 
minance, 


ished in 1865 but did not re- 


we 
ce de recognition until about 1900. 
M LS LAW OF 
SI ATION 
Fe of his early experiments Mendel 
es d two pure-breeding lines of 
pe it produced yellow seeds and 
gi ds. He crossed these two varie- 
tic ansferring pollen from a plant 
of cllow variety to one of the green 
va ind from the green to the yellow 
va in either case the results were 
the all the seeds produced by these 
p! ere yellow. Mendel described 
yel s being dominant to green, and 
gr being recessive to yellow. 

lel then collected the yellow seeds 
pr d in this experiment and planted 
th next year. When the resulting 
pl ıtured, he allowed them to pro- 
du ds by self-pollination. He was 
sur d to find that the new crop of 
see ıs not all yellow. The total yield 
wa 23 seeds, of which 6,022 were 
ye ind 2,001 green (a ratio of 3:1). 

these data Mendel reached sev- 
er Jusions. One conclusion was that 
he ‘ry material exists as small par- 
tic vhich are now known as genes. 
Ar conclusion was that each of the 
tw uts of the original parental gener- 
ati ust have carried two genes for 
ser lor; the yellow-seeded variety 
carried two genes for yellow, and the 
g seeded variety carried two genes 
for ireen, Their offspring (known as the 
first filial generation, or the F,) must 


have genes A and a, one received from 
each parent. (See illustrations 1, 2, and 
3 for graphic examples of Mendel’s laws 
in operation). 

A similar experiment is shown in Illus- 
tration 4, in which red flowers are domi- 
nant to white flowers. The genes are 


INCOMPLETE DOMINANCE—In chickens, 
black and white color are incompletely dom- 
inant to each other. The hybrid offspring of a 
Cross between a black chicken and a white 
chicken is bluish in color and is called an 
Andalusian chicken. When black chickens 
are crossed with black chickens, they pro- 
duce only black chickens. Similarly, when 
white chickens are crossed with white chick- 
ens, they produce only white chickens. But 
when two Andalusian chickens are crossed 
with each other, they produce offspring in the 
ratio of 25 percent black, 50 percent Andalu- 
sian, and 25 percent white. 


MENDEL’S LAW OF INDEPENDENT ASSORT- 
MENT—This illustration represents the cross 
between a pea plant grown from a yellow, 
round seed, and a pea plant grown from a 
green, wrinkled seed. The cross produces 
only yellow, round seeds (F,). When these 
seeds are sown and the resulting plants are 
allowed to produce seeds by self-pollination, 


a ratio of 9:3:3:1 results in the F, generation. 
The dominant characters are indicated by 
capital letters (A, yellow; B, round) and the 
recessive by small letters (a, green; b, wrin- 
kled). Notice that it is possible for an individ- 
ual to be homozygous for one pair of genes 
and heterozygous for another. 
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transmitted from parents to offspring in 
single cells known as gametes; the ga- 
metes of the female parent are eggs, and 
those of the male parent are sperms. 
Each offspring originates by the fusion 
of an egg and a sperm. 

Nearly all the cells of an individual 
contain pairs of genes: AA, Aa, or aa. But 
each gamete, or reproductive cell, con- 
tains only one gene of a pair; the two 
members of a pair become segregated 
when gametes are formed, and the two 
genes pass to separate gametes. The most 
clear evidence of this is the result of the 
self-pollination of the F, to produce the 
Fo. 

Each F, plant produces equal num- 
bers of sperms bearing genes A and a 
and equal numbers of eggs bearing genes 
A and a. In each case the dominant gene 
A and the recessive gene a become seg- 
regated. Since sperms bearing A and a 
are equally likely to fuse with eggs bear- 
ing A or a, the combinations AA, Aa, and 
aa are likely to occur in the F, in pro- 
portions of 25 percent, 50 percent, and 
25 percent respectively. 

Mendel knew that his Law of Segrega- 
tion would prove itself correct, if the F, 
seeds were planted and the resulting 
plants were allowed to produce more 
seed by self-pollination, and if the green 
seeds of the F> produced offspring with 
only green seeds (for they have genes 
only for green). Mendel reasoned that 
among the yellow F» seeds, only a third 


DOMINANCE—If a red-flowered plant carry- 
ing two genes for red is crossed with a white- 
flowered plant carrying two genes for white, 
the offspring may all have red flowers. This 
indicates that red is dominant to white, and 
that white is recessive to red. The gametes 
each carry only one gene. 


of them (those with genes AA) should 
produce plants with only yellow seeds, 
and two-thirds of them (those with genes 
Aa) should produce plants bearing 75 
percent yellow and 25 percent green 
seeds, for these F, yellow seeds are ge- 
netically identical with the F, seeds and 
therefore should produce the same kinds 
of offspring. When Mendel checked this 
by permitting self-pollination in the F» 
generation, the offspring were produced 
just as predicted. 


INCOMPLETE DOMINANCE 


Mendel experimented with pairs of traits 
other than seed color, and in each case 
he found that one member of each pair 
is dominant to the other. For example, 
round seeds are dominant to wrinkled 
seeds, and tall stems are dominant to 
short stems. More recent research has 
revealed that not all pairs of inherited 
traits have one member dominant to the 
other. In mice, for example, neither white 
nor black fur is dominant to the other, 
and a mouse possessing one gene for 
black and one for white has gray fur 
(Illustration 1). Similarly, in chickens, 
pairing a gene for white and a gene for 
black results in bluish-colored feathers 
(Illustration 3). This relationship is 
incomplete dominance. Dominance can 
range from complete, through incom- 
plete, to excessive (a heterozygote more 
extreme than either homozygote). 


HOMOZYGOSITY AND 


HETEROZYGOSITY 

An individual carrying tv dentical 
genes (either AA or aa) i l to be 
homozygous (from the G: homos, 
meaning “same” ). If the indi) carries 
two different genes affecti: © same 
trait (Aa), he is said to be zy gous 
(from the Greek heteros, me ‘differ- 
ent”). Heterozygotes are hy 
INDEPENDENT ASSORI r 
After performing experime: olving 
just one trait, Mendel turne experi- 
ments involving two traits one of 


these he crossed two pea ts, one 


derived from a pure-breedi: 1e with 
only yellow round seeds, an. other 
from a pure-breeding line th only 
green wrinkled seeds. F, sec: chibited 
both dominant characters a ere yel- 
low and round. The Fə gen on con- 
tained not only the two pa | types, 
but it also contained two types, 
yellow wrinkled and green 1 l. Ilus- 
tration 2 shows the ratio to yellow 
round: 3 yellow wrinkled: 3 round: 
l green wrinkled: when g: s form, 
the genes determining colo: to dif- 


ferent gametes independen of the 


genes determining seed shaj vus the 
F, plants, which are heter: us for 
both pairs of genes (AaBt vere B 


stands for round, b for wrin !), can 


produce four kinds of eggs sperms: 
AB, Ab, aB, and ab. These ar yduced 
in equal numbers. Since any perm is 
equally likely to unite witl gg, the 


sixteen combinations indicated 1 
tration 2‘are possible in Fy. The genes 
for color are thus said to assort indepen- 
dently of those for seed shape. 
Independent assortment has been dem- 
onstrated in animals as well as in plants. 
In guinea pigs, black hair is dominant to 
white hair, and short hair is dominant 
to long hair. If a purebred black, short- 
haired guinea pig is crossed with a pure- 
bred white, long-haired guinea pig, the 
F, pigs are all black with short hair. If 
these are crossed with each other, the F: 
members occur in the ratio of 9 black, 
short-haired: 3 black, long-haired: 3 
white, short-haired: 1 white, long-haired. 
Thus Mendel’s laws operate throughout 
the natural world: timeless and precise. 


LINKAGE AND 
C 2OSSING OVER | the exchange and association of traits 


All ‘1 the simple laws of heredity 
w iscovered by the monk Gregor 
M in 1865, they did not come to 
th ntion of the world’s scientific 
cor iity until 1900, when they were 
sin icously confirmed by three genet- 
ici ic immediate acceptance of these 
lav de them the basis of the modem 
sci of genetics, so named in 1906 by 
Bri biologist William Bateson. 

IN} ENDENT ASSORTMENT 

Ono | Mendel’s laws, however, was soon 
for ) be not universally true. His sec- 


on the Law of Independent Assort- 
m tated that when an individual 


fo gametes (eggs or sperms), any 
ty rs of genes assort independently 
of other, If, for example, an individ- 
ual» two pairs of genes, Aa and Bb, 
th: hen gametes are formed, genes A 
an o into different gametes indepen- 
de: »f the movement of genes B and 
b. tuse of this, four types of gametes 
car formed by this individual: AB, 
Ab. <5, and ab. (If only dominant genes 
were 10 go into one gamete and only re- 
cessive genes into another, then only two 
types of gamete could be formed; AB 
and ab. Mendel did not find any evidence 
for this type of assortment; nor did he 
find any evidence that only gametes with 


genes Ab and aB were formed. ) 

Independent assortment is responsible 
for the 9:3:3:1 phenotype ratio in the off- 
spring of a cross between two individuals 
of the genotype AaBb. Independent as- 
sortment is also responsible for a 1:1:1:1 
phenotype ratio when one parent has the 
genotype AaBb and the other has aabb. 
Illustration 1 shows that the AaBb par- 
ent can produce four types of gametes, 
but the aabb parent produces only one 
type, ab. As a result, four different phe- 
notypes occur among the offspring. Be- 
cause the four types of gametes of the 
AaBb parent are formed in equal num- 
bers, the four phenotypes of the offspring 
occur in equal numbers. 


LINKAGE 


As early as 1906 it was discovered that 
not all pairs of genes behave in this way, 
and in 1911 the American biologist T. H. 
Morgan proposed that pairs of genes lo- 
cated on the same pair of chromosomes 
are linked physically and thus do not 
assort independently. Morgan and his as- 
sociates used the fruit fly Drosophila 
melanogaster for research on this subject. 
This insect normally has a grayish body 
color, but some mutant forms have a 
black color, especially in the posterior of 
the body. Normal body color B is dom- 
inant to black body color b. Normal 
wings in Drosophila are large and are 
held over the posterior portion of the 
body. A mutant form that cannot fly has 
vestigial wings which are small and 
wrinkled and are held outward from the 
body. Normal wings V are dominant to 
vestigial wings v. 

A portion of one of Morgan’s experi- 
ments is outlined in Illustration 3. A fe- 
male fly heterozygous for both body color 
and wing type (BbVv) was mated with a 
male fly homozygous for black body color 
and vestigial wing (bbvv). If the pair of 
genes B and b segregated independently 
of genes V and y, then the offspring 
would be of four different phenotypes 
(14 normal body color, normal wing; 
1⁄4 normal body color, vestigial wing; 1⁄4 
black body color, normal wing; and 1⁄4 
black body color, vestigial wing) occur- 
ring in equal numbers. Instead, more 
than 80 percent of the offspring fell into 
two classes: normal body color with ves- 
tigial wings and black body color with 
normal wings. From this, Morgan con- 
cluded that the genes for body color and 
wing shape must be linked and that they 
were on the same pair of chromosomes. 
In this particular female the genes B and 
v were on the same chromosome, and the 
genes b and V were on the homologous 
chromosomes. 

The eggs of this female, like the ga- 
metes of any animal, were formed by a 


special type of cell division called meio- 
sis. In this division, the chromosomes and 
all the genes they bear are duplicated, 
and the cell divides twice, forming four 
cells each with half of the chromosomes 
of the original cell. If the two pairs of 
genes of this female fly were linked, then 
one would expect half of her eggs to have 
the genes B and v, and half to have b 
and V. As a result, when she is mated 
with a bbvv male, half of the offspring 
would be expected to have normal body 
color and vestigial wings, and half would 
be expected to have black body color 
and normal wings. The results of Mor- 
gan’s experiment were close to this, but 
a few offspring were of types that could 
not be explained by linkage alone. 


CROSSING OVER 


In the cross described above, an offspring 
that had normal body color and normal 


1 


A RATIO OF 1:1:1:1—A cross between an in- 
dividual heterozygous for two pairs of genes 
and an individual homozygous for the cor- 
responding recessive genes gives a phenotype 
ratio of 1:1:1:1 if the two pairs of genes are 
on different pairs of chromosomes. A, yellow; 
a, green; B, round; b, wrinkl 


yellow round 


Aabb 

yellow wrinkled 
aaBb 

green round 


aabb 


green wrinkled 
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CROSSING OVER—This illustration is a dia- 
grammatic representation of crossing over dur- 
ing meiosis; spindle fibers and aster rays have 
been deleted to avoid confusion. The two 
homologous chromosomes of a pair are 
colored differently for ease in distinguishing 
them; in living cells the chromosomes are 
colorless. If crossing over occurs between 
two pairs of genes, four different gametes are 


produced. If no crossing over occurs, or if it 
occurs elsewhere than between the two pairs 
of genes, then only two types of gametes are 
produced (see text for details). 

Crossing over does not occur in male fruit 
flies. In female fruit flies only one of the four 
cells matures into an egg, but because many 
cells undergo meiosis simultaneously, a large 
number of eggs are formed by any female, 


3 4a 
B | ) 
f 


ormal male with black 
and body color and 
1gs vestigial wings 


J jorme body color, 
vestigial wings 
= 41.5% 


black body color, 
normal wings 


normal body color, 
normal wings 


LIN © AND CROSSING OVER—On the 
basi. nkage alone, gametes Bv and bV are 
the ametes that would be expected from 
the í e parent indicated here. Gametes BV 
and result from crossing over. Because 17 


the gametes have crossover chro- 
mosomes, the phenotype ratio among the off- 
spring is 41.5:41.5:8.5:8.5. B, normal body 
color; b, black body color; V, normal wing, 
V, vestigial wing. 


SOME PHENOTYPES IN DROSOPHILA—A fe- otype is bbwv. If these two flies are mated, 
male fly with normal body color and normal their offspring will all have normal body color 
wings and genotype BBVV is shown in Illus- and normal wings (Illustration 4c), and their 
tration 4a. The male fly in Illustration 4b has genotypes will be BbVv. 

black body color and vestigial wings; his gen- 
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SECOND GENERATION—When a normal gray- 
ish heterozygote female Drosophila with nor- 
mal wings characteristic of the first generation 
(5a) is crossed with a black homozygote male 
with vestigial wings (5b), the second genera- 
tion includes four distinct types: one grayish 
with normal wings (5c); one black with vestig- 
ial wings (5d); one grayish with vestigial wings 
(5e); and one black with normal wings (5f). In 
the first two instances, the characteristics that 
are manifested are the same that were dom- 
inant before the crossing over. In the other 
two, there are unexpected results: 


wings could have come only from an egg 
that had genes B and V. Similarly, an 
offspring with black body color and ves- 
tigial wings could have come only from 
eggs that had genes b and y. Because 
these two pairs of genes are linked, eggs 
with BV or by could not have been pro- 
duced by independent assortment. They 
could have arisen, however, by the ex- 
change of materials between the two 
chromosomes when the eggs were 
formed. This exchange of materials is 
called crossing over; if a crossover oc- 


curred between the loci of genes B and b 
and the loci of genes V and v in the fe- 
male fly, then she could indeed produce 
gametes BV and by. 

Illustration 2 shows some of the phases 
of meiosis. Illustration 2a shows one pair 
of homologous chromosomes with the 
loci of two pairs of genes indicated. Each 
chromosome and its genes have already 
been duplicated; each duplicate of a 
chromosome is called a chromatid. This 
cell is in early prophase of the first divi- 
sion. In Illustration 2b, two chromatids of 


two homologous chromosomes lie across 
each other; if they break and exchange 
fragments (containing genes V and v) 
at this point, a crossover occurs. This 
cell is in a later stage of prophase of the 
first division. The chromosomes shown 
in Illustration 2c are the result of a 
crossover; this cell is in anaphase of the 
first division. The same chromosomes are 
seen in Illustration 2d where they have 
gone into separate daughter cells. Meio- 
sis is completed when these two cells 
divide and form four cells (Illustration 


2e). Of the four cells, two have chromo- 
somes like those of the parent cell (By 
and bV), and two have new combina- 
tions (BV and by) resulting from the 
crossover. 

Crossovers between any pair of genes 
do not occur every time a cell undergoes 
meiosis; only a certain percentage of 
dividing cells have crossovers between 
any pair of genes—and, moreover, the 
crossover percentage varies with differ- 


ent pairs. In crossovers the genes are ar- 
ranged linearly along the chromosomes. 


CHROMOSOME MAPS 


The discoveries of linkage and crossing 
over have been invaluable in the prepa- 
ration of chromosome maps on which the 
loci of genes are indicated. From the 
results of many matings, it is possible to 
determine which genes are linked to each 
other and which assort independently of 
each other. All those genes that are 
linked with each other are located on 
the same chromosome. 

After a linkage group has been dis- 


the types seem to behave according to a law 
of independent origin. It is precisely their be- 
havior that enabled Morgan to discover the 
phenomenon of crossing-over. 

Drosophila melanogaster is the subject most 
commonly used for research and experimenta- 
tion on heredity and evolution. In the labora- 
tory, the fruit flies are bred in a simple thick 
glass bottle and fed a nourishing paste of 
cornmeal and water and a small amount of 
glucose. The bottles are sealed with cotton 
and maintained at a constant temperature of 
from 20° to 25° C (68° to 77° F). 


covered, then further matings are made 
to determine the percentages of crossing 
over. The farther apart genes are on a 
pair of chromosomes, the more likely 
there is to be a crossover occurring be- 
tween them; accordingly, if the genes are 
close together, crossovers between them 
are rare. By determining the percentage 
value of crossovers for all possible pairs 
of genes on any pair of homologous chro- 
mosomes, it is possible to calculate the 
approximate distances between the genes 
and thus to construct a chromosome map. 
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THE BIOCHEMISTRY 


OF GENETIC MATERIAL | 


What is a gene? The classic concept de- 
veloped by the early geneticists por- 
trayed it as a well-defined, indivisible 
unit sitvated at its own particular locus 
on a chromosome. The gene is still 
thought to occupy a definite locus, but 
it is now envisioned as a more compli- 
cated structure than it once was. 

The function of genetic material is the 


control of the many chemical reactions 
that determine an individual's phenotype 
(his actual characteristics), Each bio- 
chemical pathway consists of a series of 
reactions, with the product of each re- 
action in the series being the raw mate- 
rial of the next reaction, Each reaction 
in the pathway is catalyzed by its own 
particular enzyme. 


la operon 


THE SUBMICROSCOPIC STRUCTURE OF THE 
CHROMOSOME—The chromosome repre- 
sented in black (Illustration 1a) is composed 
of a great number of units, the operons. One 
of these, shown as a blue line, is enlarged in 
Illustration 1b and the small red portion, rep- 


chromosome 


resenting a cistron, is enlarged in Illustration 
1c. This portion is composed of about 1,500 
nucleotides. Illustration 1d shows a small por- 
tion of a cistron, that is, a bit of DNA. The 
variations in the chemical composition of the 
DNA are responsible for mutations. 


genetics on the 
molecular level 


An enzyme is a protein th visists of 
one or two polypeptide m es, and 
the catalytic properties of enzyme 
depend to a large extent « amino 
acid content and the pre rrange- 
ment of the amino acids in lypep- 
tides. Genetic material exert fect on 
biochemical reactions by co ng the 
numbers, kinds, and arra nts of 
amino acids within the «i e mol- 
ecules. 

The genetic material on a « josome 
is divided into units called or is, each 
operon usually controlling o chem- 
ical pathway. Operons thei es are 
subdivided into several unit d cis- 
trons, each of which contro! he syn- 
thesis of one polypeptide. A com- 
monly equated with a cistre 

Cistrons themselves are not visible. 
Mutations (changes in genes occur 
at more than one locus in a n, and 
crossovers can occur betwee loci of 


a cistron. Illustration 2a shos ie cis- 


trons of a pair of homologo: romo- 
somes of an individual hetero us for 
two mutations. Each cistron } me of 
the mutations, e or e’, at a diffe: locus, 
The normal, unmutated (wild (0) loci 
are indicated by +. Each mut:>t locus 
prevents its cistron from producing the 


normal polypeptide; thus an individual 
with these two cistrons lacks that enzyme. 

If crossing-over occurs between e and 
e’, it is possible for individuals with the 
cistrons shown in Illustration 2b to occur. 
The mutations still prevent the one cis- 
tron from controlling the production of 
its polypeptide; but the other cistron, 
being free of mutations, does produce 
the polypeptide, and the individual pos- 
sesses the enzyme. Both individuals have 
the same genetic material, but their 
phenotypes are different because the ma- 
terial is distributed differently between 
the two homologous cistrons. 


THE CHEMICAL STRUCTURE 
OF THE GENETIC MATERIAL 


The genetic material of all cells is de- 


rcleic acid (DNA). The quan- 


Oxy? 
tity « IA is the same in all cells of an 
indi except in the eggs and sperms, 
whic itain only half the amount. 


D onsists of two long, helical 


stra ound around each other. Each 
strar ı chain of smaller units called 
nuc! es. Each nucleotide consists of 
a ni ı base, a phosphate group, and 
the deoxyribose. The nucleotides 
ine trand of DNA are joined to each 
othe rough their deoxyribose and 
phos groups. The two strands of 
the \ molecule are bonded to each 
othe ough their nitrogen bases. The 
nitri bases are of two types: pyrim- 
idin cytosine and thymine) and pu- 


uanine and adenine). The cy- 
tosi { one strand is always bonded 
to t uanine of the other strand, and 
the mine of one strand is always 
bo to the adenine of the other 


rine 


CR iG-OVER WITHIN A CISTRON—IIIus- 
trat ì shows two cistrons, each bearing 
one tion. No enzyme can be produced 
by r cistron. If crossovers occur (Illus- 
trat ), a cistron without mutations results, 


enzyme can be produced. 


5 mutant phenotype 
D 


wild type 


strand. The two strands, then, are not 
identical but complementary. 

The bonds between the nitrogen bases 
are called hydrogen bonds. Although 
they are individually weak, the many 
hydrogen bonds along the length of the 
molecule collectively are strong. 


REPLICATION OF DNA 


When cell division occurs, the DNA rep- 
licates itself, producing two identical 
DNA molecules that are transmitted 
from the parent cell to the daughter cells. 
The first step in replication is the separa- 
tion of the two complementary strands 
as the hydrogen bonds break (Illustra- 
tion 3). The separation begins at one end 
of the molecule and proceeds toward the 
other end. As each nucleotide is exposed, 
it attracts a complementary nucleotide 
to it. When the new nucleotides are ar- 
ranged in place, they react chemically 
with each other, forming new strands 
complementary to the old ones, Each 
new strand is bonded by hydrogen bonds 
to one of the old strands. In this way, 
two identical, double-stranded DNA 
molecules are produced. 


THE GENETIC CODE 


The genetic code, which controls the syn- 
thesis of polypeptides, resides in the 
DNA molecule. The code has been com- 
pared with a vocabulary of three-letter 
words made from an alphabet of four 
letters. The letters here are the nitrogen 
bases: adenine (A), cytosine (C), gua- 
nine (G), and thymine (T). The words 
are sets of three nucleotides called trip- 
lets or codons. The triplet ACG, for ex- 
ample, indicates that one molecule of the 
amino acid threonine is to be used in the 
synthesis of a polypeptide. If the next 
triplet is CAC, then the amino acid his- 
tidine follows the threonine. An entire 
cistron is “read” in this way, always in 
triplets, each triplet coding for one amino 
acid. Because there are 64 possible trip- 
lets and only about 20 amino acids used 
by cells, two or more triplets may code 
for the same amino acid. 

Many polypeptides are composed of 
about 500 amino acids, although there is 


old 


3 old 


cystosine — 


old 


DUPLICATION OF DNA—This illustration 
shows not only the double helix of the DNA 
molecule but also its duplication. The two 
helices first separate from each other as 
shown at the bottom. Then each nucleotide in 
an old helix attracts nucleotides with comple- 
mentary bases, and two new helices are 
formed. 
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glycine 


polypeptide chain 


RELATION BETWEEN A CISTRON AND 
POLYPEPTIDE SYNTHESIS—Because each 
triplet of nucleotides determines the position 
of a certain amino acid in a polypeptide 
chain, changes in the nucleotides cause cor- 
responding variations in the amino acid se- 


a great deal of variation of this. There- 
fore, a cistron must be about 500 triplets, 
or 1,500 nucleotides, long. 

DNA does not control polypeptide 
synthesis directly, for DNA is confined 
to the nucleus of the cell, and polypep- 
tide synthesis occurs on the ribosomes 
in the cytoplasm. DNA acts through an- 
other molecule, the “messenger” ribonu- 
cleic acid (RNA). RNA differs from 
DNA in consisting of a single strand 
rather than two, and in having the sugar 
ribose in the place of deoxyribose and 
the pyrimidine uracil (U) in the place 
of thymine. RNA is synthesized much 
like a DNA strand, one of the old DNA 
strands acting like a template. The RNA 
thus carries the same code as the DNA 
except that it has uracil where DNA has 
thymine. The messenger RNA moves out 
of the nucleus and into the cytoplasm. 
When it reaches a ribosome (a tiny, 
dense granule in the cytoplasm), amino 
acids are attracted to it in the order 
dictated by the genetic message it car- 


arginine 


quence of the polypeptide. These changes 
can be so radical as to destroy the enzymatic 
properties of the protein. In Illustration 4a, 
the triplet GGA positions the amino acid 
glycine in a polypeptide. If one nucleotide 
substitution changes the triplet GGA to AGA, 


ries. The amino acids are bonded to- 
gether, forming a polypeptide with en- 
zymatic properties. 


MUTATIONS 


A change in the arrangement of nucleo- 
tides in DNA can cause a change in the 
order of amino acids in a protein. Such 
a change in DNA is known as a muta- 
tion, It may be caused by the substitu- 
tion of one nitrogen base for another as 
is shown in Illustration 4. Such a muta- 
tion may or may not be serious. If the 
substitution of one amino acid for an- 
other in a protein molecule destroys its 
enzymatic character, the individual pos- 
sessing this mutation may die or be ill 
because a biochemical pathway has been 
blocked. If the protein is altered only 
slightly, no phenotypic effect may be 
observed. 

The deletion or addition of a nucleo- 
tide often causes very serious effects. 
Because the code is “read” from one 


glutamic acid 


arginine is placed in the poly; in the 
place of glycine (Illustration may 
render the enzyme inactive. In on 4c, 
a different mutation, GAA, pl utamic 
acid in the enzyme. Many poly es are 
composed of about 500 amino 

end of the molecule to ai then 
all triplets beyond the poin dele- 
tion or addition are misrea: or ex- 
ample, if the second nucleotide is lost 
from CACTGGTAC—, it is no longer 
read as CAC TGG TAC—, but as CCT 
GGT AC——. With so many triplets 
changed, the resulting protein rarely is 


the correct enzyme. 

Mutations are passed from cell to cell 
and from generation to generation (un- 
less they are lethal), for the altered DNA 
replicates itself as faithfully as the origi- 
nal DNA. 


MUTONS AND RECONS 


A muton is the smallest amount of DNA 
that can mutate. A muton, therefore, is 
one nucleotide. 

A recon is the smallest amount of 
DNA that can be involved in recombi- 
nation. Because crossing-over can occur 
between any two nucleotides, a recon 
is one nucleotide. 


Py 


Whe or Mendel, the father of mod- 
em g published the results of his 
reses 1865, he reported traits that 
are i d by the typical patterns of 
simp inance and recessiveness. Ge- 
netic ter discovered the existence of 
other complicated, patterns of in- 
herit \mong them are sex-linked 


trait influenced traits, sex-limited 
trait tiple gene inheritance, and 
epist 

SEX CED TRAITS 

The of sex-linked recessive traits 
are d on the X chromosomes. Con- 


females may be either homo- 
heterozygous for these traits; 


but who have only one X chromo- 
son hemizygous with respect to 
sex traits. Therefore, if a male has 
ar ` gene on his X chromosome, 
tha finds expression because there 


is Je on the Y chromosome that 
mit dominant to it. 
H jhilia, or bleeder’s disease, is a 


sex l recessive trait. Because the 
bk hemophiliacs does not clot read- 
ily ire unusually subject to hemor- 
rha nd may bleed to death from rela- 
tive mall cuts. A male hemophiliac 
passes his recessive gene to all his daugh- 


ters but to none of his sons; these hetero- 
zyg daughters are called carriers. 
Even if they marry normal men, they 
can have hemophiliac sons. 

Some of the most famous cases of 
hemophilia were those among the de- 
scendants of Queen Victoria of England. 
Although Victoria was normal in this 
respect, she carried a mutant gene for the 
disease. One of her sons was a hemo- 
philiac, and two of her daughters were 
carriers; several of her grandsons and 
great grandsons also had hemophilia. 
Among them were two heirs to royal 
thrones: Alexis, Czarevitch of Russia, 
and Alfonso, Crown Prince of Spain. 

All sex-linked recessive traits are rarer 
among women than among men, but he- 
mophilia is extremely rare among women. 
A female hemophiliac must have a hemo- 
philiac father, and few hemophiliacs live 
long enough to have children. 


TERNS OF INHERITANCE 


HEMOPHILIA—The union of a hemophiliac 
man with a normal, homozygous woman pro- 
duces healthy male and female offspring (F,). 
The females, however, will be carriers of the 
gene (represented in the diagram by a black 
band) on the X chromosome from the father. 


variations on a 
genetic theme 


The union of one of these female carriers with 
a normal man can produce normal males; nor- 
mal, homozygous females; hemophiliac males 
(indicated by the black symbol); and normal, 
heterozygous females (indicated by the half- 
black symbol), who are carriers (Fa). 
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SEX INFLUENCED AND 
SEX-LIMITED TRAITS 


Several genes located on autosomes find 
different expression in males and females. 
Sex-influenced traits are those in which 
one gene is dominant in males and re- 
cessive in females, while its allele is re- 
cessive in males and dominant in fe- 
males. One such trait, Heberden’s nodes, 
is a disease in which the finger joints are 
enlarged; it is dominant in women and 
recessive in men. 

Sex-limited traits are those that find 
expression in only one sex. Examples in- 
clude the beard of males and milk pro- 
duction in females. In some species of 
animals, males and females have fur or 
feathers of different colors or patterns; in 
some animals, the males have horns and 
the females do not. Genes for sex-limited 
traits may be located on sex chromo- 
somes as well as on autosomes. 

The different expression of sex-influ- 
enced and sex-limited traits is due largely 
to the modifying influences of the sex 
hormones. The presence of male hor- 
mones causes the genes to express them- 
selves in the manner characteristic of 
males, and the presence of the female sex 
hormones causes the same genes to pro- 
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duce the expression characteristic of fe- 
males. Experimental injections of male 
hormones into females or of female hor- 
mones into males can often change the 
expression of these traits, 


MULTIPLE GENE INHERITANCE 


Some traits are determined by two or 
more pairs of genes and often these are 
on different chromosomes. The color of 
human skin is one such trait. 

For purposes of illustration, it may be 
assumed that two pairs of genes—pair A 
and a and pair B and b—influence skin 
color. Genes A and B contribute to dark 
skin, and the genes a and b contribute to 
white skin. Thus a person with the geno- 
type AABB has the black skin of a Negro, 
and a person with genotype aabb has the 
white skin of a Caucasian. The Negro 
produces gametes with the genes AB, 
and the Caucasian produces gametes 
with the genes ab. If two such persons 
marry, their children will be of an inter- 
mediate mulatto color and will have the 
genotype AaBb. 

If two persons of the genotype AaBb 
marry, they may have children of several 
different shades of color. Each parent 
can produce four different types of ga- 


Leopold Helen of 
Duke of Waldeck-Pyrry 
Albany 

Princess Jer 

Alice 

of Albany 
mete: AB, Ab, aB, and ab. | e any 
egg can be fertilized by any nine 
different genotypes are poss imong 
the offspring. Genotype AABI \duces 
black skin. AABb and AaBB luce a 
rather dark mulatto shade a | lighter 
than black. AAbb, aaBB, an Bb re- 
sult in the intermediate mu! color. 
Aabb and aaBb produce lig) julatto 
skin. The genotype aabb resul white 
skin. 

The actual number of genes that deter- 

mine the different shades of skin color is 
not known with certainty, but it is be- 


lieved to be at least three and probably 
more. This alters the above scheme only 
slightly, by making possible more inter- 
mediate shades. 

Other traits influenced by multiple 
gene inheritance are height, weight, and 
intelligence. In some cases so many pairs 
of genes are involved that it is impossible 
to divide a population into distinct 
classes. Rather, there seems to be a con- 
tinuum of variations from short to tall, 
light to heavy, or stupid to intelligent. 

Many multiple gene traits are suscep- 
tible to modification by the environment. 
The state of nutrition, for example, may 
influence height, weight, or intelligence; 
exposure to sunlight may darken skin 


—— 


PEDIGREE OF THE FAMILY OF 


QUEEN ViCTORIA—Only those individuals that 
had her a or were carriers and their 
spouses =% indicated. Many members of this 
large fa did not have the gene. Carriers 
are ind d by the half-black symbols. 
Sa 
Princess Prince Henry 
Beatrice of Battenberg 
Princa King F z 
Victori Alfonso XIII 8 e 
Eugeni of Spain o = 
& a8 
Batter 
É 
Alfo: Gonzalo 
_ n 
co his tends to blur the distinctions 
bet ı any classes. 
EI ASIS 
So. traits are influenced by two pairs 
of s, one of the alleles of one or both 
pai inhibiting the expression of the 
othcr. Several types of this phenomenon, 
which is called epistasis, are known. 


Deaf-mutism in humans is due to dupli- 
cate recessive epistasis. This genetic dis- 
ease is affected by two pairs of genes: 
D and d, and E and e. The genes D and 
E produce normal hearing and are domi- 
nant to d and e, respectively. The genes 
d and e cause deafness if either one or 
both of them are present in the homo- 
zygous condition. Thus the presence of 
dd causes deafness even if the dominant 
gene E is present, and ee also causes 
deafness even if D is present. The follow- 
ing tables shows the genotypes that pro- 
duce normal hearing and those that 
cause deaf-mutism: 


Normal Deaf-mutism 
DDEE DDee 
DDEe Ddee 
DdEE ddEE 
DdEe ddEe 
ddee 


PENETRANCE AND 
EXPRESSIVITY 


Many genes do not produce the same 
effect in all individuals. The manifesta- 
tion of the genotype in traits or charac- 
teristics is called the phenotype. If all 
persons have the phenotype that corre- 
sponds to a gene that they carry, that gene 
is said to have 100 percent penetrance. 
If only some persons have the expected 
phenotype, the gene has a lower pene- 
trance. Several cases of incomplete pene- 
trance have been discussed above. In 
sex-influenced and sex-limited traits, the 
penetrance of genes is reduced in one 


sex, but not in the other. In the case of 
deaf-mutism, the penetrance of genes D 
and E is reduced by the presence of ee 
and dd, respectively. 

Polydactyly—the condition of having 
extra fingers or toes—is due to a domi- 
nant gene, yet some persons with this 
gene have the normal number of digits. 
The expressivity of a gene is the way in 
which it expresses itself. Some persons 
with polydactyly have only one or two 
extra digits, while others have three or 
four or more. In some persons the extra 
digits are on the hands, in others on the 
feet, and in still others on both hands 
and feet. 


MULTIPLE GENE INHERITANCE—A wide 


range of phenotypes is possible when a trait 
is controlled by several pairs of genes. 
Here genes A and B are incompletely domi- 


nant to their alleles, a and b. The color of the 
individual depends on the proportion of genes 
for black (A and B) and genes for white (a 
and b). 
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PROTEINS | "erne been tent end bison 


Proteins are unique among organic com- 
pounds in their ability to function in so 
many important roles in living things. 
This characteristic is due to the great 
variety in composition and structure of 
proteins. Each protein has a primary 
structure, a secondary structure, and a 
tertiary structure. 


PRIMARY STRUCTURE 


The primary structure is the order of 
amino acids in the polypeptide chains of 


ii Pos ak 
Par 


-N-C-C-N-C-C- 


Ma [all 
H 


which the protein is composed. The 
amino acids are united in a linear order 
by condensation reactions between the 
carboxyl group of one amino acid and 
the amino group of another. The result 
is a long molecule consisting of the repe- 
tition of a set of three atoms, one atom 
of nitrogen and two atoms of carbon: 
—N-—C—C-. One of the carbon atoms of 
each set bears the side chain of the amino 
acid. One of the great number of possible 
arrangements along a short segment of a 
polypeptide is: 


SH 


See 

| 

7 ee ORNES 
etd CH, Ò 


H E GH 


HN 


— a ~ ~ aa ~ a 


alanine glutamic acid 


Some of the side groups—such as the 
carboxyl group (—COOH) of glutamic 
acid, the amino group (—NH2) of lysine, 
and the sulfhydryl (—SH) group of cys- 
teine—are highly reactive, and by react- 
ing with each other they contribute to 
the tertiary structure of proteins. 

The 20 naturally occurring amino acids 
theoretically can occur in any order along 
the polypeptide chain, and the order is 
controlled by the genetic code in the de- 
oxyribonucleic acid (DNA) in the nu- 
cleus. Any change in the order of the 
amino acids or the substitution of one 
amino acid for another may or may not 
make a profound change in the nature of 
the protein. A deletion or alteration in an 
inactive part of the molecule may have 
no noticeable effect on the organism. On 
the other hand, an error of only one amino 
acid—the substitution of valine for glu- 
tamic acid at one particular position in 
the hemoglobin molecule, for example— 


cysteine arginine 


results in sickle-cell anemia, a serious dis- 
ease that usually results in premature 


death. 
SECONDARY STRUCTURE 


Although the amino acids occur in a lin- 
ear order along the length of a polypep- 


H-N 


tide chain, the polypeptide do 
as a straight molecule. Th 
—N-C-C-— backbone of th 
is coiled into an alpha helix, t 
which resembles a spring. t 
the helix occurs for every 3.7 
along the chain. 

The structure of the alph: 
in place primarily by hyd: 
These are weak bonds in whi 
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TERTIARY STRUCTURE 


The alpha helix is folded fui 
shape characteristic of the par 
tein. This tertiary structure is 
by several types of chemical 


tween the radicals or side grou 


eral amino acids along the len 
polypeptide. A common bond 
sulfide bridge formed by the re 
the sulfhydryl groups of two 
radicals within a polypeptide: 


H-C-CH.~SH + HS—CH,—C-H 
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The larger amino acid formed by the re- 
action of two cysteine molecules is cys- 
tine. 

Another type of bond that holds the 
tertiary structure in place is the electro- 


static bond between acid and basic 
groups such as the carboxyl group of glu- 
tamic acid and the amino group of argi- 
nine. Two weak forces contribute to the 
stability of the tertiary structure. These 
are the hydrogen bond and van der Waals 
forces. The latter are attractive forces be- 
tween neutral radicals such as the methy] 
group (—CH;) of alanine. 

Most proteins consist of a few polypep- 
tide molecules joined by the same bond- 
ing that maintains the tertiary structure. 

There are two general types of proteins 
based on tertiary structure. Globular pro- 
teins are folded into an approximately 
spherical shape or other compact shape. 


Fibrous proteins are more elongated, usu- 
ally having one diameter much longer 
than the others. 

Most enzymes are globular proteins, 
and their specificity depends partially on 
the shape of the molecule—because the 
reaction with a substrate depends on a 
good “lock-and-key” fit between the en- 
zyme molecule and the substrate mole- 


cule. This helps to explain why changes 
in the primary structure may or may not 
alter the ability of the protein to function 
properly. If, for example, a cysteine ordi- 
narily involved in a disulfide bridge were 
replaced by another amino acid, the 
bridge could not be formed; this would 
result in an important alteration in the 
overall shape of the protein. A change 
involving another amino acid in a differ- 
ent position might not have any effect on 
the shape of the molecule. 
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Albumins contain many amino 
their molecules are characterized 
ntent or absence of glycine and a 
2 and methionine content. Oval- 


isein is one of the most important 
ugated proteins. It contains phos- 
j aS a prosthetic group bound to 
icid serine; phosphorus accounts 
0.9 percent of its molecular weight, 
ies from 19,800 to 27,000. It accounts 


for about 80 percent of the protein content 
of milk. Casein is of great importance in the 
food industry as a component of cheese, al- 
though this is by no means its only use; it is 
also used in pharmacology as a source of 


bumin (molecular weight about 40,000) occurs 
in egg white and is prepared in large quanti- 
ties for use in the food industry and in the 
photographic industry as a sensitive emulsion; 


amino acids and in the paint industry as a 
binder and emulsifier. Most important of its 
industrial uses, perhaps, is its use as raw 
material for plastic materials, particularly in 
the manufacture of galalith. It is also used in 


it is also used in tanning. Illustration 3a is a 
microphotograph taken in polarized light of a 
crystal of ovalbumin. (60 X) Several ovalbumin 
crystals are shown in Illustration 3b. 


the manufacture of synthetic wools. Illustration 
4a shows the purified protein; Illustration 4b 
shows it crystallized from an alkaline solution, 
The latter photograph was taken through 
microscope in polarized light. (60 X) 
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THE a-HELIX—The secondary structure of 
proteins (that is, the shape that the protein 
chain takes in space) has been shown by 
recent research to be, in most cases, a helix 


a 


DENATURING OF PROTEINS 


The application of heat causes the “un- 
winding” of the alpha helix. This destruc- 
tion of the secondary structure of the 
protein also destroys its tertiary struc- 
ture and therefore interferes with its 
functioning. It is called denaturing, and 
usually it is irreversible. The exact tem- 
perature necessary to achieve this effect 
varies with the protein. Enzymes are par- 
ticularly sensitive to heat. Death of orga- 
nisms exposed to high temperatures may 
be due to heat denaturing of their en- 
zymes. 

An easily observed example of irrevers- 
ible heat denaturing is the effect of boil- 


called an a-helix (Illustration 5a). The dotted 
lines represent the hydrogen bonds that keep 
the construction stable. The side chains of 
the amino acids face outward from the helix. 


b 


ing on the white of an egg. The raw egg 
white, which consists of the protein oval- 
bumin, has a fluid consistency and is semi- 
transparent. Boiling solidifies the oval- 
bumin and makes it opaque. Cooling the 
boiled egg does not restore it to its origi- 
nal condition. 


CLASSIFICATION OF PROTEINS 


Proteins are classified as simple proteins 
or conjugated proteins, each category 
comprising a number of groups distin- 
guished from one another by given phys- 
ical and chemical characteristics. Simple 
proteins are synthesized exclusively from 
amino acids. They can be divided into 
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seven basic groups that vary in 
ubilities in water and other so! S. 

1, Albumins are neutral and are solu- 
ble in water and dilute salt solutions. 
They are precipitated by neutral salts, 
though only when the solution is virtu- 
ally saturated with the salt. They coagu- 
late when heated. Included in this group 
are ovalbumin (the chief constituent of 
egg white), lactalbumin (obtained from 
the whey of milk), and a few proteins of 
vegetable origin, some of which (ricin, 
obtained from the castor-oil plant, and 
legumelin, from peas) are highly toxic. 

2. Globulins are weakly acid and in- 
soluble in water at neutral pH, although 
soluble in acid or alkaline solutions. The 
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ELECTROPHORESIS—One method used to 
analyze accurately mixtures of proteins, even 


when they belong to the same group and, 
therefore, closely resemble each other, is elec- 
trophoresis, which is capable of detecting very 
small quantities of substances. The process 
may take various forms, but for analytical 
Purposes it is common to use zonal electro- 
phoresis on strips of paper or cellulose ace- 
tate; these substances act as a support for 
the buffered solution containing the mixture of 
proteins to be separated and analyzed. When 
an electric current is run through the solution 
on the strips, substances in solution migrate 
to the anode (positive pole) if they have nega- 
tive charges, and to the cathode (negative 
pole) if they have positive charges. Because 
different substances move at different speeds, 
it is possible to stop the migration when the 
substances are distributed along the strip. 
Then the separated proteins are identified. 
Illustration 7a shows an electrophoretic unit, 
complete with feeder, electrophoretic cell, and 
a machine for reading the electrophoretic 
strips. Illustration 7b is a graph obtained from 
the analysis of a blood serum: the five peaks 
correspond to albumin and a-~, ax, B-, and 
y- globulins. 


cently been brought into use in medi- 
cine; an association of protamine and 
insulin, for example, is used in the treat- 
ment of diabetes. 

7. Scleroproteins are fibrous proteins 
and are insoluble in aqueous solutions. 
They are widespread in the animal king- 
dom, where their functions involve pro- 
tection and support. The keratins, for ex- 
ample, are the basic constituents of hair, 
horn, feathers, and nails. They contain 
large quantities of the sulfur-containing 
amino acid cysteine. Other fibrous pro- 
teins include collagen, which yields gel- 
atin on boiling and occurs in bones, 
cartilage, and other connective tissue; 
elastin, which is found in elastic tissue; 
fibrin, which clots blood; and fibroin, one 
of the proteins in silk. 


CONJUGATED PROTEINS 
Conjugated proteins are proteins asso- 


ciated with other compounds. The casein 
of milk is a phosphoprotein, a protein 


combined with phosphoric acids; cheese 
consists mostly of coagulated casein. Gly- 
coproteins are combinations of proteins 
with carbohydrates. Mucin, a constituent 
of saliva, is a glycoprotein. The nucleo- 
proteins consist of proteins associated 
with nucleic acids. Deoxyribonucleopro- 
tein is present in the chromosomes and 
contains the genetic material; ribonucleo- 
protein is a major constituent of the ribo- 
somes in the cytoplasm. Synthesis of 
proteins occurs on the ribosomes. 

If the nonprotein part of the molecule 
is known to have a biological function, 
it is referred to as the prosthetic group. 
If the prosthetic group is colored, the 
conjugated protein that contains it will 
also be colored. Chromoproteins, com- 
pounds of a protein with a metal-con- 
taining pigment or a carotenoid, are 
colored. For example, hemoglobin, the 
main part of the red cells of blood, 
consists of the protein globin and the 
colored heme, the four molecules of 
which contain one iron atom each. 
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RESISTANCE 


AND IMMUNITY 


The human body is like a fortress under 
siege. It does not permit many micro- 
organisms to enter its blood or its tissues, 
and it does not suffer passively the at- 
tacks of those microorganisms that do 
manage to penetrate its tissues. It has 
at its disposal various defense mecha- 
nisms that prevent organisms from reach- 
ing internal tissues and that kill or in- 
activate the organisms or destroy their 
toxic products. 


RESISTANCE 


Resistance includes all the nonspecific 
mechanisms of defense that function 
equally well against many different spe- 
cies of microorganism. Perhaps the most 
obvious of these is the skin that covers 
most of the body, and the mucous mem- 
branes that line those body cavities that 
have openings to the outside. Perspira- 
tion contains antimicrobial substances 
and thus has a protective function on the 
skin. Mucus is a slimy substance secreted 
by most of the mucous membranes of 
the body. Microorganisms that enter 


into body cavities are likely to become 
trapped in it and then expelled. Coughing 
or sneezing rid the body of organisms 
this way. Lysozyme, which has a mild 
antibacterial action, is present in tears 
and on the skin and mucous membranes; 
and urine protects the urogenital open- 
ings by its flushing action. 

As long as the skin and the mucous 
membranes remain undamaged, most 
organisms cannot penetrate them. But if 
by reason of mechanical injury or the ef- 
fects of malnutrition these tissues should 
be broken, then the inner, susceptible tis- 
sues are exposed to the bacteria and other 
microorganisms that invariably are pres- 
ent on the skin and mucous membranes. 

Once microorganisms have invaded the 
body, certain types of white blood cells, 
called phagocytes, are carried by the 
blood to the site of infection. Here they 
ingest the organisms by an amoeboid ac- 
tion called phagocytosis. Within the 
phagocytes, the microorganisms are di- 
gested and thus disposed of. Phagocytes 
can attack not only those foreign orga- 
nisms that have reached the blood, but 
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SZILARD'S THEORY — This theory, the ge- 
netic derepression theory of antibody forma- 
tion, states that certain cells of the body con- 
tain all the information needed to produce 


antibodies Ab of any type. In the absence of 
a particular antigen Ag, the enzymes neces- 
sary for the manufacture of that antibody are 
blocked by an inhibitor r. Contact with the 
antigen removes the inhibition, which enables 


the enzymes to start producing 
bodies. The antibodies unite wii 
forming an antigen-antibody 
renders the antigen harmless 
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FETAL LIFE 


By os 


BURNET S THEORY—This theory, the clonal 
selection theory of antibody formation, states 


that during the development of the fetus, cells 
are produced that are capable of manufactur- 
ing antibodies, but each cell can produce only 
One type of antibody. All the descendants of 


a single cell comprise a clone. Early in fetal 
life, the cells producing antibodies that react 
with substances formed by the fetus are de- 
stroyed. In this way, after birth, the organism 
has cells selected to produce antibodies that 
are adapted to react to foreign antigens with 


which they later may come into contact. The 
red line separates the period of fetal life, 
characterized by immunological immaturity 
(above), from the period that starts after birth 
(below). A defective thymus gland may lead to 
disastrous immunologic deficiency. 
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protein foreign to the body, and some 
microorganisms bear several such pro- 
teins on their surfaces. Some antigens are 
toxins that are released by bacteria, and 
that can harm tissues even if the bacteria 
are not present. 

A given antibody is effective against 
only one type of antigen. An antibody 
specific for tetanus toxin is not effective 
against the organisms of typhoid or chol- 
era, and one for typhoid does not protect 
against tetanus. Because a certain amount 
of time is required for the body to form 
specific antibodies after the first exposure 
to an antigen, the recovery from the ini- 


tial infection usually is not due to the 
antibodies that are produced then. But 
the antibodies do confer immunity 
against later infections by the same or- 
ganism; often the immunity is lifelong. 
Antibodies are manufactured by 
plasma cells, another type of white blood 
cell. When an antigen is present in the 
body, the plasma cells are stimulated to 
produce antibodies specific for the anti- 
gen. The first exposure to an antigen re- 
sults in the production of a relatively 
Tow concentration of the antibody. When 
the infection is no longer present, the 
antibody concentration falls very low, 


but subsequent exposures produce high 
concentrations that are achieved so 
quickly that usually no pathological 
symptoms develop. 


ACTIVE IMMUNITY 


Active immunity is the immunity that 
develops when an individual forms his 
own antibodies against antigens. It may 
be acquired naturally, as when a person 
contracts a disease, however mild. Active 
natural immunity often is lifelong. This 
is why some diseases traditionally are 
called children’s diseases. Adults are ca- 
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FLUORESCENT ANTIBODY TECHNIQUE — 
These three photographs show preparations 
from human bone marrow treated with fluores- 


pable of contracting these diseases if they 
have not previously had them, but most 
adults became immune to them in child- 
hood. 

Active immunity may also be acquired 
artificially by immunization, An immuni- 
zation is an injection of a small amount 
of living or dead organisms, or inacti- 
vated toxins, into the body, which then 
forms its antibodies in response to their 
presence. Because of the danger of con- 
tracting a serious disease from live orga- 
nisms, they usually are attenuated in 
some manner. The smallpox organisms, 
for instance, are grown for several gen- 
erations in cattle; during this time they 
lose much of their virulence. If the mi- 
croorganisms produce toxins, injections 
of their toxins alone can confer immunity 
just as well as injections of the living 
organisms. Because the toxins often are 
extremely dangerous, they, too, must be 
treated before they can be used. They 
are inactivated by heat treatments or 
formaldehyde and called: toxoids, Active 
artificial immunity can last for years, 


cent antibodies and viewed under an ultra- 
violet microscope. The antibody is made fluo- 
rescent by combining it with a fluorescent 


The word vaccination derives from the 
Latin word vacca, which means “cow.” 
The first vaccinations were performed by 
the English physician Edward Jenner in 
1796, who noticed that milkmaids 
had suffered the relatively mild d 
cowpox were immune from the dreaded 
smallpox. By rubbing small quantities of 
the material from the smallpox pustules 
into the skin of persons who had had 
neither smallpox nor cowpox, Jenner was 
able to immunize them against both dis- 
eases, 


PASSIVE IMMUNITY 


A person may become immune to a dis- 
ease without forming his own antibodies. 
A newborn baby often is immune to sev- 
eral diseases, because it has received an- 
tibodies from its mother before birth. 
This is called passive natural immunity, 
and it usually lasts for only a few months, 
sive artificial 
immunity by receiving injections of 
serum from another person or animal that 


A person may also get pa: 


stain. When the antibody react anti- 
gen, it forms an antigen-antit scent 
Stain that glows under ultraviol 

has had the disease or that h eived 
injections of the causative org Such 
serum is called immune ser ind it 
confers immunity for a relat short 


time, usually a few weeks. Ir le se- 


rum is used for protection wl ictive 
immunization is not available or ‘vasible. 
It is also used therapeutically after a 
person has contracted certain diseases; 
if he does not have an adequate supply 


of his own antibodies, the added ones 
aid in his recovery. 

One disadvantage of receiving serum 
from animals is that the serum contains 
proteins foreign to the human body. The 
person receiving them may be allergic to 
them, and his reaction to them may be 
more serious than the disease that the 
serum was meant to cure, Therefore, 
nearly all immune serums in present use 
are obtained from human donors. Be- 
cause of the risk of transmitting viral 
hepatitis with human blood products, 
however, it is now customary to use 
gamma globulin prepared by chemical 
treatment from pooled human plasma. 
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Order! egration numerous 
chemi: vcesses occurring in the an- 
imal l is a function shared by two 
organ is: the endocrine system and 
the n system. The endocrine sys- 
tem c in part of ductless glands 
that p ` hormones and secrete them 
direct! » the bloodstream, which 
trans] 1em to other parts of the body 
where xert their effect. The nervous 
systen lucts impulses of an electrical 
nature ; nerve cells, The two systems 
are n mmpletely distinct, however; 
nerve produce neurohormones and 
neuro! rs, both of which have hor- 
mona! perties. Each system exerts 
some on the other. 

Hor have been detected in nearly 
all gy F animals. Not only do they 
maint wealthy state, but they control 
grow! reproduction as well, In in- 
sects some other groups, metamor- 
phos: change to drastically different 
stages 1 life cycle, is controlled by 
horm 
HOR ES, NEUROHORMONES, 
AND ROHUMORS 
Che: y. hormones do not fall into a 
singl up, but most of them are either 
proto). polypeptides, or steroids. In the 
older. sore traditional sense, hormones 


are the products of the ductless glands, 
each of which manufactures one or more 
hormones, The hormones are called chem- 
ical messengers because they are secreted 
into the bloodstream and carried to other 
parts of the body, often parts far distant 
from the organ of synthesis, where they 
exert their effect. Many hormones have 
only one or a few rather specific effects 
on a single or a few tissues or organs. 
Some, like the growth hormone, have 
diverse effects throughout the body. The 
ductless glands of the human body in- 
clude the hypophysis (pituitary gland, 
sometimes also called the master gland 
because it secretes so many hormones 
that affect directly or indirectly nearly 
all of the processes of the body); the 
pancreas; a variety of small glands in the 
Walls of the digestive system; the thyroid 


| chemical messengers 


gland, parathyroid glands, adrenal glands, 
and the ovaries and testes. 

Neurohormones are compounds pro- 
duced by nerve cells, but otherwise they 
have the traditional characteristics of 
hormones. They are transported by the 
circulatory system to the tissues or organs 
that they affect. Oxytocin and vasopres- 
sin are neurohormones synthesized in 
special neurosecretory cells in the hypo- 
thalamus of the brains of vertebrates. 
These cells release their neurohormones 
to the hypophysis, from which they are 
transported like other hormones by the 
bloodstream. A varicty of neurohormones 
has been discovered in invertebrates. 
Much research has been done on those 
neurohormones that control the molting 
and metamorphosis of insects. 

Neurohumors differ from other hor- 
mones in exerting their effects near their 
site of synthesis rather than being carried 
to distant organs by the blood. Acetylcho- 
line and noradrenalin (norepinephrine or 
sympathin) are secreted by nerve end- 
ings and diffuse across the minute syn- 
apses to adjacent nerve cells. Their func- 
tion is the transmission of nerve impulses 
across the synapses. The noradrenalin 
secreted by nerve cells is identical with 
or very similar to that produced by the 
adrenal glands. 


THE MECHANISM OF 
HORMONAL ACTION 


In view of the fact that hormones have 
different chemical structures, it is not 
surprising that they perform their func- 
tions in different ways. At least four dif- 
ferent mechanisms of hormonal action 
have been discovered. Some hormones 
may act in more than one way. 

No chemical reaction can occur with- 
out a supply of compounds to react with 
cach other. Some hormones exert their 
effect on reactions by controlling the en- 
trance of substances into the cell. Insulin, 
for example, increases the permeability 
of the cell membrane to glucose, thus in- 
creasing the amount of this sugar that 
enters the cell and making it available 
for chemical reactions. 


Most chemical reactions in living things 
are catalyzed by enzymes, and some hor- 
mones affect enzyme systems directly. 
Adrenaline, glucagon, and estradiol act 
by converting inactive forms of enzymes 
to active ones. 

Another mechanism of hormonal action 
involves the activation or suppression of 
the genes that carry the genetic code for 
the synthesis of enzyme molecules. By 
turning the genes “on” or “off,” the hor- 
mones determine whether a particular 
enzymatically controlled reaction will or 
will not occur. Ecdysone, the molting 
hormone of some insects, produces a vis- 
ible effect on certain chromosomes. The 
chromosomes in the salivary glands of the 
fruit fly are so large that when they are 
stained a distinctive pattern of bands can 
be observed. It is on these bands that the 
genes reside, and the exact locations of 
many genes have been determined. The 
introduction of ecdysone into the cells of 
the salivary gland produces swellings or 
puffs on the chromosomes. It is believed 
that cedysone removes the protein his- 
tone from the gene that is to be activated; 
this exposes the DNA and permits it to 
swell outward, forming a puff. The ex- 
posed DNA then acts as a template for 
the formation of messenger RNA, which 
carries the genctic code to the cytoplasm 
where the enzyme coded for is synthe- 
sized. That the RNA actually is formed 
within the puffs has been demonstrated 
by supplying cells with radioactive pre- 
cursors of RNA; within a short time the 
puffs become highly radioactive. 

At least one vertebrate hormone, corti- 
sone, acts like ecdysone by affecting gene 
action. It seems likely that other hor- 
mones will be discovered to act in this 
manner, each hormone affecting only cer- 
tain genes in certain tissues or organs. 

Synthesis of enzymes depends not only 
on the formation of messenger RNA in 
the nucleus, but also on the assembly of 
amino acids into proteins on the surfaces 
of the ribosomes in the cytoplasm. Evi- 
dence exists that at least one hormone, 
the growth hormone, controls cellular 
metabolism by exerting its effect on the 
ribosomal synthesis of enzymes. 
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FROM EGG TO ADULT—The life cycle of a 
moth has four main stages: egg, larva, pupa, 
and adult. The larva, or caterpillar, hatches 
from the egg and may undergo several molts, 
each of which produces a new larva. Larvae 
are active, feeding animais. In autumn a molt 
produces a pupa, or cocoon, which is a dor- 


mant stage that remains inactive during the 
winter. In spring the pupa molts into another 
active stage, the adult or imago. Adults are 
sexually mature and complete the life cycle 
by laying eggs. (In the illustration above, the 
egg and larva are enlarged relative to the pupa 
and adult.) 
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A CHROMOSOME WITH TWO 
chromosome shows the charact 
of giant chromosomes. The br 
rich in DNA. The green areas in 
of the chromosome are pred 


tein, but the puffs consist mostly ossenger 
RNA (illustration 1). 
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FEMALE FRUIT FLY—The nucle 
of the salivary glands of the larva: 
insects including the fruit fly 
have giant banded chromosomes at can be 
observed under the relatively low magnifica- 
tions of the light microscope. Many years of 
gen research have revealed that the genes 
reside in these bands, and that each gene 
is associated with a specific band. Because 
the chromosomes of the fruit fly have been 
described in great detail, these insects are 
valuable for research on the effects of hor 
mones on the genetic system of the cell. 
Occasionally certain localized areas of the 
chromosomes exhibit swellings called puffs. 
It is now known that these regions are those 
in which genes are actively producing mes- 
senger RNA, the substance that moves to the 
cytoplasm, where it directs the synthesis of 
proteins on the surface of the ribosomes. 
Activation of some genes is caused by the 
Presence in the nucleus of ecdysone, the molt- 
ing hormone. Ecdysone is secreted by the 
Prothoracic glands and travels to other parts 
of the body where it activates genes involved 
in the molting of the insect. A given hormone 
activates only certain genes in certain cells, 
but its action may affect other hormones or be 
affected by other hormones. In the larva, the 
Presence of sufficient quantities of the juvenile 
hormone produced in the corpora allata of the 
insect brain causes the production of another 
larva at the completion of a molt. If there is 
little juvenile hormone present, the molt pro- 
duces a pupa (50 X). The insert at upper left 
in Illustration 3 shows a male fruit fly. (13 X) 
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catalysts of biochemical reactions 


ENZYMES 


One way in which living things differ group. One of the best-known conju- tions. The main reactant in t) cess is 
from their nonliving environment is in gated proteins is hemoglobin. Its pros- called the substrate. Many les are 
their chemical composition. The complex thetic group is the heme molecule; four named for the substrates or h they 
organic compounds of which organisms of these are firmly attached to globin pro- act. The ending of many er names 
are composed are not found in the non- tein. The cytochrome enzymes of respira- is -ase. Sucrase catalyzes th: stion of 
living world except as the products of tion also are conjugated proteins with sucrose, maltase acts on n e, and 
the metabolism of organisms. The syn- heme prosthetic groups. amylase acts on starch (a? is the 
thesis of these many organic compounds Some enzymes are synthesized in in- Latin word for starch), Lip italyzes 
in nature is theoretically possible outside complete forms called zymogens. Pepsin the digestion of several lipi ats and 
of living cells, but the extreme slowness is a protein-digesting enzyme of the fatlike substances), Several cinases 
at which it could proceed practically stomach, but it is manufactured as the act on proteins. 
prohibits the possibility. Living cells, inactive pepsinogen in the gastric glands. Another characteristic of mes is 
however, contain enzymes—catalysts that When it is secreted into the stomach, con- that they are not consume: the re- 
greatly accelerate the rates of these re- tact with the hydrochloric acid present actions in which they take } \ given 
actions. Without enzymes, life as it exists there removes a portion of the pepsino- enzyme molecule can functi ‘in and 
today on the Earth would not be possible. gen molecule and converts it into the again without losing any of ctivity. 
active pepsin. Similarly, trypsinogen, For this reason, only very quan- 
CHARACTERISTICS OF ENZYMES chymotrypsinogen, and procarboxypepti- tities of any enzyme need b sent in 
dase are inactive forms of protein-digest- a cell. This explains why so amins, — 
All enzymes are proteins, but many of ing enzymes. They are formed in the which are essential in the d ed be | 


them have a nonprotein portion as well, as and are secreted into the small present in only very small its, for 
In some enzymes, the nonprotein portion Trypsinogen is converted to they function as parts of c es. 
—the coenzyme—separates readily from trypsin by the enzyme enterokinase, 

the protein portion, the apoenzyme. The which is secreted by the intestine. Chy- HOW ENZYMES FUNCT) 

entire enzyme is the holoenzyme. Some motrypsinogen and procarboxypeptidase 


vitamins—such as thiamin, riboflavin, and are converted by trypsin to their active Chemical reactions can be l into 
niacin—are parts of coenzymes, which forms, chymotrypsin and carboxypepti- two groups: those that requ input 
determine the type of reaction that is dase. The synthesis of inactive forms of of energy (endergonic rea and 
catalyzed. Cocarboxylase, which con- enzymes may be a mechanism that pre- those that release energy (e lic rež 
tains thiamin, catalyzes the removal of vents the digestion of enzyme-producing actions). The former will no ir un- 
carbon dioxide from some organic com- cells by their own products. less the required amount o! rgy is 
pounds. The several coenzymes of which One of the outstanding characteristics available. Those of the latter p may 
riboflavin and niacin are a part transfer of enzymes is their high degree of spec- occur spontaneously, but mar these 
hydrogen from one compound to an- ificity. A given enzyme catalyzes only require some energy, called rgy of 


other. The apoenzyme is responsible for one reaction or a group of similar reac- activation, to initiate the reaction. For 

the specificity of the enzyme; it deter- 

mines what substrate will be acted on. 
Some enzymes consist of two parts that 

are not readily separated. These enzymes R radical 

are the conjugated proteins, and their carbon 

nonprotein portion is called a prosthetic oxygen hydrogen 


eee 
HYDROLYTIC REACTIONS—A reaction in 


which a compound reacts with a molecule of f e—a 
water and splits into two new molecules is 
said to be hydrolytic. The enzymes that cata- 


lyze this type of reaction are known as hydro- 

lases. The most interesting are those involved 

in the digestive processes; their function is 

digesting or hydrolyzing polysaccharides, fats, R’ radical 
and proteins to simpler compounds that can be ester 


absorbed by the body. water 
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urning match head releases 
the match does not burn 
ly; it requires the input of 
rgy, such as the heat gener- 
bbing it on another surface. 
wal reactions that occur spon- 
ire those that have very low 
nergy requirements likely to 

l by the warmth of the envir- 


f the chemical reactions occur- 
ving things, even the exergonic 
have relatively high activation 
quirements that cannot be satis- 


ordinary environmental tempera- 


—9 


alcohol 


tures. The function of enzymes is the 
lowering of the amount of energy re- 
quired for activation; they permit reac- 
tions to occur rapidly at ordinary tem- 
peratures that do not harm cells. The 
absence of enzymes in the nonliving 
world explains why the complex chemi- 
cal reactions characteristic of organisms 
do not occur outside of cells. 


OXIDATION-REDUCTION 
REACTIONS 


Even in the presence of enzymes, ender- 
gonic reactions require a supply of en- 
ergy. For the most part, this energy is 
obtained from an exergonic reaction. One 
exception to this is photosynthesis, an 
endergonic reaction that utilizes light en- 
ergy from the sun. This energy is con- 
verted into chemical bond energy in food 
molecules. Light is the main energy 
source for the entire biological world, 
even though only plants can utilize it 
directly. When the food is oxidized in 
respiration, either by plants or by ani- 
mals that eat the plants, the energy is 
released and can be utilized in other 
endergonic reactions, such as growth or 
tissue repair and maintenance. 


TRANSFER REACTIONS—A reaction that 
transfers part of a molecule to another mole- 
cule is a transfer reaction. Enzymes promot- 
ing these reactions are called transferases. 


Much of the transfer of energy in cells 
occurs by means of oxidation-reduction 
reactions. Oxidation is a term that origi- 
nally was used by chemists to describe 
the combination of an element with oxy- 
gen. When iron rusts, it becomes cov- 
ered by a layer of iron oxide, the pro- 
duct of a chemical reaction between iron 
and the oxygen of the air. The iron is 
said to be oxidized. When wood is 
burned, the organic compounds in the 
wood combine with oxygen, releasing 
carbon dioxide and water; here, too, the 
wood is said to be oxidized by the burn- 
ing. Gradually chemists began to realize 
that these examples are only specific 
cases of a more general phenomenon in 
which oxygen does not necessarily play 
a part. Oxidation today is defined as the 
loss of electrons; this occurs in both the 
rusting of iron and the burning of wood. 
In the former case, the bivalent iron 
(written as Fe*+) loses an electron and 
becomes trivalent (Fe**). 

Reduction is the gaining of electrons, 
and it occurs whenever an oxidation oc- 
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FORMATION OF UREA—Urea is formed by 
the reaction of arginine with water. This re- 
action, which occurs in the liver, is catalyzed 
by the enzyme arginase. 


ornithine 


curs, for the electron released by one 
substance is accepted by another. In the 
case of rusting iron, the oxygen accepts 
the electron and becomes reduced as the 
iron is oxidized. Therefore, no reaction is 
solely an oxidation or a reduction. All 
such reactions are called oxidation-reduc- 
tions. It is convenient, however, to speak 
of an oxidation when one is concerned 
primarily with the substance that is oxi- 
dized in the reaction, or to speak of a 
reduction when one is concerned pri- 
marily with the substance that is reduced. 

The oxidation of foods in living cells 
is not a single reaction, but a series of 
reactions, almost every one of which is 
catalyzed by a separate enzyme. Some 
of these are located in the cytoplasmic 
matrix of cells, and others are found in 
the mitochondria. Within the mitochon- 
dria are the cytochromes—the enzymes 
that transfer electrons from organic com- 
pounds to oxygen. 

Some enzymes, those that catalyze 
"AA 
ISOMERIZATION—Reactions in which a mole- 
cule is transformed into another by modifica- 
tion or internal alteration are known as trans- 


formation reactions. The enzymes involved 
are called isomerases. 


basic reactions that are performed by 
nearly all cells, are widely distributed in 
the biological world. Others are found 
in only certain species. The diverse and 
myriad forms that life takes reflect the 
large number of enzymes in existence. 


ENZYMES AND GENETICS 


One of the great achievements of mo- 
lecular biology has been the determina- 
tion of the structure of enzymes and the 
interpretation of their catalytic activity 
in precise atomic terms. The transforma- 


tion of genetics from an abstract to a mo- 


lecular science began in the 1940s. In 
1865 Gregor Mendel, the father of genet- 
ies, discovered that specific etic fac- 
tors control such characteristics as height 
and color in plants. It was not known 


how the genetic factors exercise this con- 
trol, however, until George W. Beadle 
and Edward L. Tatum, U.S. scientists, 
found in 1941 that one genetic factor, or 
gene, apparently determines one enzyme. 
Other important lines of research into 
hereditary factors pointed the way for 
analyzing genetic events at the molecular 


hydrogen 


oxygen 


phosphorus 


glucose-6-phosphaté 


luding the discovery of the ge- 


gh the importance of ribonucleic 


fructose-6-phosphate 


id (RNA) was realized around 1940, 
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OXIDATION—Burning wood is a typical exam- 
ple of oxidation. Another oxidation is the 
respiration that occurs in living cells. In both 
cases organic material is oxidized to carbon 
dioxide and water. 
i SS 
the intricate 
that constitut 
for the biosynthesis of enzymes v 
lated in the test tube. That success led to 
the deciphering of the geneti 
omplishment that opened up new 
paths of research in biology and medi 
and profoundly affected medical practi 
tigations in pharmacogenet: 
‘ample, are building a fund of knowl- 
edge. This field deals with the effect that 
genetic traits, which fi 
tion, have on the action of drugs in the 
human body. 


140 


THE KINETICS OF ENZYMES | 


Growth, reproduction, and other vital 
processes in living organisms are accom- 
panied and conditioned by a wide variety 
of biochemical reactions. Almost all of 
these reactions are influenced by en- 
zymes—substances that regulate the rate 
of chemical reactions, often causing them 
to occur millions of times faster than they 
otherwise would. Without enzymes, bio- 
chemical reactions occur too slowly to 
support life. 

Although they may also contain a non- 
protein portion, all enzymes are proteins. 
Most enzymes are highly specific in func- 
tion; that is, they catalyze only one type 
of reaction and/or they act on only one 
substrate (reactant). The protein portion 
(apoenzyme) of some enzymes deter- 
mines the specificity for a particular sub- 
strate, while the nonprotein portion (co- 
enzyme) determines the particular type 
of reaction that occurs. In some cases the 
specificity of the enzyme is so marked 
that a small change in the arrangement 
of a few atoms in the substrate molecule 
makes it impossible for the enzyme to 
act on it. 
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pH AND ENZYMATIC ACTIVITY—Many en- 
zymes function best at an optimum pH that 
generally lies between 5 and 8. The graph 
shows a typical relationship between pH 
values (on the abscissa) and the activity of 
an enzyme (on the ordinate), expressed as the 
concentration of the product. 
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FACTORS INFLUENCING 
ENZYME ACTIVITY 


Since enzymes function by participating 
directly in biochemical reactions, a great 
deal of research has been conducted to 
determine what factors favor or inhibit 
enzyme activity. Among these factors are 
temperature, pH, metallic ions, chemical 
compounds, pressure, and radiation. Al- 
though these factors may influence each 
other, they are considered separately 
here. 

Enzymes are very sensitive to temper- 
ature. For each enzyme there exists a 
minimum and a maximum temperature 
below and above which it does not func- 
tion. Somewhere between these limits, 
there is an optimum temperature at 
which the enzyme functions best; for 
many enzymes the optimum temperature 
lies between 30° and 35°C (86° and 
95° F). The maximum temperature usu- 
ally is only a few degrees above the op- 
timum temperature, but in a few cases it 
may be as high as 70° or 80°C (158° 
and 176° F). At their maximum tempera- 
tures, enzymes begin to undergo chem- 
ical or physical changes that inactivate 
them—often permanently. Low tempera- 
tures generally do not damage enzymes, 
but their activity is slowed, especially at 
temperatures below 0° C (32° F). Upon 
warming, activity is regained. 

Most enzymes are extremely sensitive 
to changes in the pH of the solutions in 
which they act. Each kind of enzyme 
has its minimum, optimum, and maxi- 
mum pH. For most enzymes, the opti- 
mum pH lies between 5 and 8. However, 
a few enzymes have a more acid or more 
alkaline optimum pH; the digestive en- 
zymes of the stomach, for example, func- 
tion well in the acid contents of the 
stomach. 

A number of heavy metals—such as 
mercury, silver, and zinc—are poisonous 
because they inhibit enzymatic activity. 
Ether and acetone do not inhibit en- 
zymes. Many nonpoisonous compounds 
block the action of enzymes; among these 
are the products of enzymatically con- 
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ENZYMATIC REACTION—lilustrations 2a and 
2b show a schematized enzymatic reaction. 
In 2b an increase in the quantity of the en- 
SE ai ee en 


enzy enzyme 


zyme causes it to react with more substrate substrate involved in the reaction increases. blue squares represent the new product. The 
molecules, thus increasing the rate of reaction The red balls represent the substrate, the two-directional arrows indicate that the reac- 
because the number of the molecules of the purple figures represent the enzymes, and the tion can proceed in either direction. 
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trolled reactions. If the product of a re- 
action accumulates in the cell, the reac- 
tion slows down and may even stop. The 
reaction will continue, however, if the 
product is removed to another cell or 
organ or if it is used up in another chem- 
ical reaction. 

Very high levels of mechanical pres- 
sure inactivate enzymes, but complete 
inactivation may require a pressure as 
high as 17,000 atmospheres (about 
250,000 psi). Since enzymes are not ordi- 
narily subjected to such pressures, pres- 
sure is a negligible factor. 

Radiations may inhibit or activate en- 
zymes. X-rays, beta rays, and gamma rays 
have a damaging effect on enzymes, but 
alpha rays are activators. 


THE NATURE OF ENZYMATIC 
REACTIONS 


The molecules of all substances are in 
constant motion, and they collide with 
one another repeatedly. For a chemical 
reaction to occur between two molecules, 
these molecules must collide at a certain 
speed. It is necessary, therefore, that 
they possess a certain amount of kinetic 
energy (energy of motion). Some of this 
energy is called energy of activation. The 
more energy of activation required for 
a particular reaction, the faster the mole- 
cules must be moving. Molecules can be 
speeded up by being heated, although in 
living organisms too much heat may 
cause tissue damage and even death. One 
of the most important characteristics of 
enzymes is their ability to lower the 
amount of energy of activation for many 
essential chemical reactions in living 
things. Since less heat is required, the 
reactions can occur at temperatures com- 
patible with life. 

Illustration 2a shows what occurs in 
an enzymatic reaction: S + E = SE =æ 
P + E. Here S stands for the substrate, 
E for the enzyme, and P for the product 
of the reaction. When S and E react, 
they form an intermediate compound, 
SE, the substrate-enzyme complex. S 
then undergoes a chemical change con- 
verting it to P, and E is released. In this 
way enzymes lower the amount of energy 
needed for a reaction because the en- 
ergy of activation required for either 
S + E > SE, or SE >P +E is much less 
than that required for converting S to P 
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SPEED OF REACTION—The three graphs 
compare the curve of a nonenzymatic chemi- 
cal reaction a with those of an enzymatic 
reaction b and c. The concentration of the 
substrate S is indicated on the abscissa, and 
the speed of reaction in terms of concentra- 
tion of product P is indicated on the ordinate. 
In a nonenzymatic chemical reaction the 
curve is a straight line—indicating that the 
speed of the reaction is directly proportional 
to the concentration of substrate. In the enzy- 
matic reaction b, if the concentration of the 
enzyme remains unchanged, the speed of re- 
action is proportional to S only up to the point 
at which the enzyme becomes saturated; after 
that the rate remains constant. In © curves 1 
and 2 are similar to the curve in b, but in 
curve 2, the enzyme concentration is double 
that of curve 1; once the enzymes are satu- 
rated with substrate, the rate of the reaction 
is proportional to the concentration of the 
enzyme. 


without the help of enzymes. 

Although the enzyme is involved in the 
reaction, it emerges unchanged and can 
be used again and again. Although en- 
zymes need be present in cells in only 
minute amounts, they exert a great effect 
on the life of the cell. 

The arrows in the illustration point in 
opposite directions to indicate that the 
reaction is theoretically reversible. Usu- 
ally, a point of equilibrium is reached 
wherein some substrate molecules and 
some product molecules exist side by 
side, How much of each remains in a cell 
depends on such factors as the particular 
reaction, the temperature, the pH, and 
whether the product is removed or is 
permitted to accumulate, In many cases 
the point of equilibrium is shifted so far 
to one side of the reaction that, for all 
practical purposes, the reaction seems to 
go in only one direction. 


THE RATE OF AN 
ENZYMATIC REACTION 


In a common chemical reaction that is 
not controlled by enzymes, the rate of 
the reaction may depend on the concen- 
tration of the only reactant (this is a 
first-order reaction) or it may depend on 
the product of the concentrations of two 
reactants (this is a second-order reac- 
tion). In an enzymatic reaction, however, 
the speed of reaction ordinarily does not 
depend on the concentration of reactants, 
and this is therefore known as a zero- 
order reaction. 

Since the enzyme is usually present in 
very low concentration as compared to 
that of the substrate, at any one moment 
all of the enzyme molecules are involved 
in substrate-enzyme complexes (the en- 
zyme is said to be saturated); however, 
not all of the substrate molecules are so 
involved. Therefore, the rate of an eni 
zymatic reaction depends largely on the 
concentration of the enzyme rather than 
on the concentration of the reactants: 
Thus, doubling the concentration of the 
enzyme usually doubles the speed of the 
reaction because this also doubles the 
number of substrate molecules involved 
in the reaction. Only when the number 
of substrate molecules is so low that not 
all of the enzyme molecules are saturate@ 
will the rate of the reaction be affected 
by the substrate concentration. 


STOREHOUSES OF ENERGY 


The tl functions of food are to build 
proto) ), the basic substance of all liv- 
ing tl to provide the energy needed 
for al activities of life; and to regu- 
late t mplex chemical reactions that 
go or ving organisms. Eating gives 
stren proportion to the number of 
calori food contains. A calorie 
(cal) fined as the amount of heat 
requi ) raise one gram of water one 
degr ntigrade. The large calorie 
(Cal ! when speaking of food re- 
quir is one thousand times as 
much » small calorie. The number 
of ca! s a convenient way of evalu- 
ating iergy of food, since heat is a 
form rgy. The more readily a food 
is dig the more immediately avail- 
able energy that it contains. 


The basic food types are carbo- 


hydr: ts, and proteins. While these 
differ one another in a number of 
Wi share one common trait—all 


are c ed of long chains of carbon 
atom d with one another. Energy 
is re as the bonds between the 
atom these strongly linked, stable 
com] are broken. Although these 
bond ot break easily in air, they 
brea kly inside a cell because of 
the | ce of a large number of cel- 
lular 1es. Enzymes are protein cata- 
lysts facilitate chemical reactions in 
a livi stem. The chemical breakdown 
of fc thin cells is an oxidation proc- 


ess like oxidation outside of cells, 


the | icts are carbon dioxide, water, 
and cr<rgy. Unlike oxidation outside of 
cells vever, cellular oxidation (also 
called cellular respiration) takes place 
by means of many small steps, so that 


the carbon and hydrogen removed dur- 
ing oxidation of the food compound are 
not immediately and simultaneously com- 
bined with oxygen. This avoids the sud- 
den release of a large amount of heat, 
which might damage the cells and dis- 
allow the storage of energy for future 
use, Cellular respiration is, therefore, a 
controlled combustion in which energy 
is released slowly, with a relatively small 
increase in temperature. 


CELLULAR RESPIRATION 
Many of the important steps in cellular 


respiration take place inside the mito- 
chondria, which are minute, variously 
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KREBS CYCLE—This important cycle (also 
called the citric acid cycle) is the third step 
in cellular oxidation (respiration). It takes 
place along the membranes (cristae) inside 
the mitochondria. Glycolysis yields two mole- 
cules of ATP. The conversion of the two pyru- 
vic acid molecules from the oxidation of glu- 
cose to two acetyl-CoA molecules yields six 


calories imprisoned 
in molecules 


N 


pool of 
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oxaloacetic 


acid 
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` 
molecules of ATP. In two turns around the 
Krebs cycle, glucose is finally broken into 
carbon dioxide and hydrogen. The hydrogens, 
after a number of transfers, unite with oxygen 
to form water. In this last step, 24 ATP mole- 
cules are harvested, yielding a total of 32 ATPs 
from one molecule of glucose. 
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shaped cell organs (organelles). Cristae, 
made of the folded inner membrane of 
the mitochondria, project into the mito- 
chondria and provide an extensive sur- 
face on which are located a large num- 
ber of enzymes in orderly series. Using 
the oxidation of glucose, a simple sugar, 
as an example, cellular respiration may 
be divided into four main steps: (1) gly- 
colysis, which breaks the 6-carbon glu- 
cose molecule into two molecules of 3- 
carbon pyruvic acid; (2) conversion of 
pyruvic acid (derived from both glucose 
and amino acids) to a 2-carbon deriva- 
tive of acetic acid called acetyl-coen- 
zyme A; (3) metabolism of two 2-carbon 
acetyl-CoA molecules (derived from py- 
ruvate and from fatty acids) by means 
of the citric acid or Krebs cycle into four 
carbon dioxide molecules and eight hy- 
drogen molecules; and (4) transfer of 
accumulated hydrogen molecules by way 
of a long chain of carriers until they unite 
with oxygen, thus forming water. Each 
of the four steps requires a number of 
enzymes. During the last step, most of 
the energy from the broken bonds of the 
food materials is stored in the form of 
adenosine triphosphate (ATP). Each 
molecule of ATP contains two high-en- 
ergy phosphate bonds. At the end of the 
oxidation of one glucose molecule, en- 
ergy has been packaged in 32 ATP mole- 
cules, each one of which can release small 
quantities of energy as needed for cel- 
lular work. 


FUNCTION OF ATP 


The energy released during cellular res- 
piration and stored in ATP may be used 
in two ways: it may be kept bound in 
ATP and thus stored for future use; or 
it may be used immediately for cellular 
work. Such work includes providing en- 
ergy for the respiratory steps themselves, 
for muscular contraction, for the conduc- 
tion of nerve impulses, for the construc- 
tion of the many compounds that com- 
pose protoplasm, and for the production 


SYNTHESIS OF PROTEIN FROM AMINO 
ACIDS ENTERING A CELL—in this diagram 
two amino acids linked to AMP- (adenosine 
monophosphate) and an enzyme are entering 
a cell. They then become attached to tRNA 
(transfer ribonucleic acid, also called soluble 
RNA). The final step occurs on the ribosomes 
where mRNA (messenger RNA) directs the 
assembling of the amino acids in the proper 
sequence to make a particular protein. 
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THE ATP MOLECULE—This important energy- 
storing compound is made up of a nitrogen 
base (a ring compound called adenosine), a 


of light in bioluminescent animals such 
as fireflies, and in some fungi and bac- 
teria. In any case, when energy is re- 
quired, one of the high-energy phosphate 
bonds is broken and ATP becomes ADP 
(adenosine diphosphate). Removal of 
one phosphate radical breaks one of the 
two high-energy bonds and releases en- 
ergy for whatever job needs to be done. 


PROTEIN SYNTHESIS 


Since some of the most important chemi- 
cal components of living organisms are 
protein (for example, enzymes and parts 
of chromosomes, cell membranes, and 
cytoplasm), the ability to synthesize pro- 
tein is an essential characteristic of life. 
Proteins are made of hundreds or thou- 
sands of amino acids bonded together in 
various ways to make single enormous 
molecules. Animals eat the proteins of 
plants or other animals and digest them, 
thus breaking them into amino acids. 
After entering the cells these amino acids 
are reassembled to make the specific pro- 
teins that the animal needs at a particular 
moment. In order to bring about such 
complex syntheses, energy from ATP, en- 
zymes, a set of “blueprints” derived from 
the chromosomes, and a “factory” (the 
ribosomes )—must all be available in the 
proper sequence. The entire process may 
be considered under four headings: 


1. Absorption of amino acids by the 
cells 
2. Amino acid activation 


nitrogen 


5 


5-carbon sugar, and three phosphate groups. 
The high-energy bonds between phosphorus 
and oxygen are shown with zigzag lines. ATP 


3, Transfer of amino acids to ribosomes 

4. Linkage of the properly lined-up 
amino acids into proteins by the for- 
mation of peptide bonds (a dehy- 
dration synthesis ) 


Absorption of amino acids.—The proc- 
ess by which amino acids enter a cell 
consumes energy, since the concentration 
of amino acids inside the cell is usually 
greater than the concentration outside. 
Passive diffusion, therefore, does not ac- 
count for the passage of amino acids, nor 
for the speed of that passage, from a re- 
gion of less amino acid concentration to 
one of greater concentration. While the 
details of such passage against a gradient 
have been worked out for glucose, they 
are not yet known for amino acids; it is 
probable, however, that energy from the 
reaction ATP > ADP is involved. 

Activation of amino acids.—Once in- 
side the cell, the amino acid becomes 
activated. This occurs when an enzyme 
specific for that amino acid and a mole- 
cule of ATP react with it. In the process 
two phosphate groups are given off. The 
enzyme makes possible the attachment 
of the amino acid to a molecule of tRNA 
(transfer ribonucleic acid, also known 
as sRNA, soluble ribonucleic acid). This 
can be summarized as follows: 


amino acid + an enzyme + ATP > 

aminoacyl-enzyme-AMP (adenosine 
monophosphate) + 2 phosphate 
groups (a pyrophosphate). 


In a second reaction the enzyme and the 


—o 


phospho; 


high-energy bond || high-energ 


nd 
releases energy for all bodily act when 
the high-energy bonds are broker 


AMP become detached as tRN ches 
to the amino acid. 

Transfer of the amino acid t riho- 
somes.—Ribosomes are very st rgan- 
elles scattered throughout the lasm. 
They are made of rRNA omal 
ribonucleic acid). Another ty; RNA 


is called mRNA (messenger \). It 
is made in the nucleus and mpo- 
nent parts are assembled in cific 


order by a portion of the DN oxy- 
ribonucleic acid) of a chrom act- 
ing as a template. mRNA is nlike 
filament that becomes drape r the 
ribosomes or possibly loop: “ound 
them. A tRNA exists for cach he 20 
possible amino acids. When a cular 
kind of protein is to be mani: tured, 
the tRNA carries the right assortment 
of amino acids to particular placo: on the 


mRNA filament. 

Linkage of the amino acids.—The 
amino acids, still attached to their 
tRNAs, are brought close to one another 
in the correct order to make a particular 
protein by the code (blueprint or direc- 
tions) built into the mRNA, Enzymes 
then facilitate the union of the amino 
acids by means of peptide linkages. The 
peptide linkage is a dehydration syn- 
thesis, meaning that a molecule of water 
is lost for each pair of amino acids that 
become linked. Such dehydration reac- 
tions are common in the synthesis of car- 
bohydrates and fats as well as in the syn- 
thesis of proteins. Once the protein is 
synthesized, it separates from tRNA and 
mRNA. 
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CROSCOPY AND 


) (OLOGICAL TECHNIQUE | 


\icroscope was invented and 
thods of preparing plant and 
rial for microscopic observa- 
en devised, scientists could 
he finer structures of living 
until the middle of the nine- 
ry—the time when good mi- 
re first made—did scientists 
t cells are the building blocks 
organisms. Since that time 
iore information about cells 
covered as higher-powered, 
ion microscopes have been 


more revealing methods of 


preparing tissues have been devised. 
The science of using a microscope is 
called microscopy. The preparation of 
plant and animal tissue for microscopic 
observation is called histological tech- 
nique. High-quality microscopes and 
well-prepared plant and animal tissue 
are necessary if one is to learn about the 
minute details of living organisms. 
Modern compound optical micros 
are of excellent quality, both mechani- 
cally and optically. The mechanical part 
is called the stand; it is the framework of 
the microscope and consists of a base, a 


opes 


stage with an opening in its center over 
which the prepared specimen is placed, 
a tube into which the ocular lens (eye- 
piece) fits, an arm by which the micro- 
scope is carried, and a revolving nose- 
piece into which a number of threaded 
objective lenses are screwed. The tube is 
fitted with a rac 
permits raising and lowering the tube 
over the stage. The rack-and-pinion is 
controlled by two pairs of knurled knobs. 


-and-pinion device that 


THE OPTICAL MICROSCOPE—A binocular 
microscope (Illustration 1a) consists of a stand, 
shown separately in Illustration 1b. Various 
lenses and a substage condenser can be at- 
tached to the stand as desired. Illustration 1c 
shows objectives of several powers of magni- 
fication. Illustration 1d shows objectives 
mounted on the revolving nosepiece, which 
makes possible a quick change of magnifica- 
tion. The view is from below. Illustration 1e 
shows two oculars (eyepieces). Illustrations 1f 
and 1g are photomicrographs of diatom shells 
(325 X and 160 X). Their finely marked lines 


Te cm 


preparing tissue 
for observation 


One pair, the coarse adjustment mecha- 
nism, allows the tube to be moved rapidly 
through several inches. The other pair of 
knobs, which controls the fine adjustment 
mechanism, raises or lowers the tube by 
much smaller increments and is used in 
the final focusing. 

The optical parts of the microscope 
consist of a substage condenser and light 
system, the oculars (eyepieces), and the 
objective len: A microscope may be 
either monocular or binocular; that is, it 
may have either one ocular or two. While 


a monocular microscope is adequate for 
most routine work, a binocular micro- 
scope is advantageous for more pro- 
longed or detailed study since most peo- 
ple find that it is less tiring to use both 
eyes; also, two oculars produce a slightly 
stereoscopic or three-dimensional view of 
the object. 

Most microscopes are equipped with 
low and high-power objectives, but re- 
search instruments may have four or 
more objectives for a wider range of 


are used to test the resolving power of a 
microscope. 


magnification, An objective, which is a 
series of lenses cemented together, forms 
an inverted image, which is in tum mag- 
nified by the lenses in the ocular. The 
higher the power of the lens, the shorter 
its focal length, so that with very high 
power the lowest lens of the objective is 
extremely close to the slide. A good ob- 
jective has several important character- 
istics: it must have good resolving power, 
and it must be free of both spherical and 
color aberration. Resolving power is the 
ability of a lens to distinguish details that 
are very close together. It is achieved by 
a lens that is as wide as possible for the 
amount of magnification that it can have. 
Freedom from spherical aberration means 
that a lens focuses as sharply at its pe- 
riphery as it does at its center. If no iri- 
descent color bands are present at the 
periphery of the field of vision, the lens 
is free of color aberration; in other words, 
the lens is achromatic. 

Some high-power objectives are de- 
scribed as “dry,” meaning that only air is 


present between the lens and the cover 
glass. Other high-power objectives are 
described as “oil-immersion,” meaning 
that oil is placed on top of the cover 
glass so that the front lens of the objec- 
tive is immersed in it. For the highest 
magnification and the clearest image, oil- 
immersion lenses are almost always used. 
This is because without oil the rays of 
light coming from the illuminated speci- 
men undergo considerable bending as 
they pass through the slide and cover 
glass into the air and again as they pass 
into the glass of the lens. This bending 
is due to the different indices of refrac- 
tion of the materials through which the 
light passes. If a suitable oil (cedarwood 
or crown oil) with the same refractive 
index as glass is placed on top of the 
cover glass and the lens is immersed in 
the oil, no deviation of the light rays oc- 
curs and the image is sharper. 

Several light systems are now in use. 
A commonly used system consists of a 
light source, preferably one producing a 
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FIXATION AND DEHYDRATION—Fixation, an 
important first step in the preparation of tissue 
for microscopic examination, serves to kill the 
tissue rapidly and to preserve its structure 
Practically unaltered. Illustration 2a shows a 
piece of tissue in a fixative consisting of 95 
percent alcohol, glacial acetic acid, formalin, 
and sodium chloride. The tissue must be em- 


bedded in paraffin before it can be thinly sec- 
tioned. Since paraffin is not soluble in water 
or alcohol, the specimen must be gradually 
dehydrated by immersing it in a succession 
of alcohol baths of increasing concentration, 
followed by a final immersion in xylene or 
toluene (Illustration 2b), aromatic hydrocar- 
bons used as solvents. 
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EMBEDDING IN PARAFFIN- 
bath, which may last from 15 
or more according to the size 
tissue, the piece is ready to Ł 
paraffin. Illustration 3a shows one 
tainer in which the tissue is p 
is immersed in melted paraffin 
shows an oven containing paraf 
melting points. The use of par 
various melting points is dete 
tissue and by outside conditions 
of paraffin eventually form and s 
the specimen. 
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FROM PARAFFIN BLOCKS TO SECTIONS—I- 
lustration 4a shows a large block of paraffin 
containing several pieces of tissue. The various 
strips of paper serve as labels to identify indi- 
vidual specimens. The large block is cut into 
smaller blocks, each with one piece of tissue 
attached. These smaller blocks are trimmed 
and mounted on wood or metal disks by melt- 
ing the paraffin slightly on its underside and 
pressing the block onto the object disk. Illus- 


tration 4b shows the block, ready for section- 
ing, attached to the object disks. Illustration 
4c shows a sliding microtome, an apparatus 
equipped with a very sharp blade that cuts 
extremely thin slices. Illustration 4d is a 
close-up view of the microtome, Routine sec- 
tions are cut 5 to 10 microns thick; for special 
study, sections may be cut as thin as 2 or 3 
microns. With a rotary microtome, the paraffin 
block moves against the knife. 


ger of king the cover glass, since the 
focal | of the low-power lens is long 
enoug that there is little danger of 
its tou the cover glass. To focus, the 
low-p )bjective is lowered with the 
coarse tment knob until it is about 
Y% in the slide. Then, as the ob- 
serv through the ocular, the lens 
is rais ial focusing is done with the 


fine : ent knobs. 
In o examine the specimen un- 


der h ver two methods can be used. 
If the oscope is parfocal (meaning 
that i bject is in focus under low 
powe ill also be in focus under high 
powe hout much additional focus- 
ing) high-power objective is swung 
into p! and final focusing adjustments 
are made with the fine adjustment knob. 
If the microscope is not parfocal, it is 


safer to raise the tube slightly before 
swinging the high-power lens into place. 
Then, as the observer looks through the 
ocular, the tube is moved downward with 
the fine adjustment knob until the object 
is in focus. When an oil-immersion lens 
is used, it is best to focus first with high 
power, after which the high dry lens is 
swung out of the way, a drop of the im- 
mersion oil is placed on the cover glass, 
and the oil-immersion lens is brought 
into place. The front lens of the objective 
will be in the oil and hence both lens and 
the slide must be cleaned carefully after 
use. The higher the power of the objec- 
tive, the more intense the light must be, 
so mirror and iris diaphragm need to be 
adjusted each time the objective is 
changed. When transparent, unstained 
specimens are being examined, the light 
intensity must be diminished either by 
changing the position of the mirror or 
by changing the size of the opening in 
the iris diaphragm. 

Objectives can be tested for spherical 


aberration by using a microscope slide 
that has a very fine grid of perpendicular 
lines. If, when examined under the mi- 
croscope, the grid squares are not dis- 
torted in any way in any part of the 
field of vision, the lenses are free of 
spherical aberration. To test for resolving 
power, a microscope slide of shells of 
diatoms is used. These shells, which con- 
sist of siliceous compounds, are marked 
with extremely fine lines that lie very 
close to each other. A good microscope 
will show the lines separately and dis- 
tinctly. Some laboratories have a series 
of specially prepared slides of such shells 
on which these patterns become progres- 
sively finer. It is customary to watch for 
color aberration while looking at these 
test slides. 

Different powers of magnification can 
be achieved by different combinations of 
oculars and objectives. The magnifying 
powers of each are engraved on these 
lenses; total magnification power is cal- 
culated by multiplying the power of the 
objective by the power of the ocular. 
While increasing the amount of magnifi- 
cation is often helpful in examining a 
specimen, it is not usually necessary to 
exceed a magnification of about 1,000 
times—the magnification achieved with 
the usual combination of oculars and oil- 
immersion lenses. Unless the slide is 
unusually well prepared, increasing the 
magnification will not make the details 
any clearer; in fact, it may magnify some 
faults in slide preparation. A good plan 
is to use a medium-power ocular (one 
that magnifies 10 times) with either a 
high dry (43 X) or oil-immersion (98 X) 
objective. This will give a total magnifi- 
cation of 430 X or 980 X. Microscopes 
employing a variable power, or zoom, 
lens between the objective and the eye- 
piece were introduced in 1960. 


EXAMINATION OF 
FRESH MATERIAL 


When fresh, unpreserved plant or animal 
parts, tissues, or cells are examined under 
the microscope, they must be placed in 
a solution that preserves their natural, 
living condition as closely as possible. In 
order to accomplish this in the case of 
animal tissues, solutions from an animal 
of the same or closely related species may 
be used to keep the tissue moist and in 
its natural condition. Fluids that can be 
used include aqueous humor from the 
eye, amniotic fluid from the sac around 
a developing embryo, and blood serum. 
The difficulty of having such fluids avail- 
able at short notice is obvious; hence, in 
actual practice this method is rarely used. 
Instead, artificial solutions that approxi- 
mate the chemical characteristics of ani- 
mal fluids are used. Such solutions are 
known as physiological solutions and 
have proved quite satisfactory. That 
most frequently used is made with so- 
dium chloride at a concentration deter- 
mined by whether the tissue is from a 
cold-blooded animal such as a fish, frog, 
or turtle, or from a warm-blooded ani- 
a bird or mammal. For use 
e, about a 0.7 percent salt 
isfactory; for use with mam- 
mal tissue a 0.9 percent salt solution is 
satisfactory. A good all-purpose solution 
for mammals is made up of 0.9g NaCl, 
0.04g KCI, 0.02g NaHCOs, 0.02g anhy- 
drous CaCl», and 100 ml distilled H:O. 
The solution should be prepared im- 
mediately prior to use since evaporation 
of any of the water changes the strength 
of the salt solution. 

A small piece of tissue is then placed 
on a microscope slide and a drop of 
physiological salt solution is added. The 
tissue is gently pulled apart with dissect- 


mal such as 
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ing needles so that it is thin and so that 
the fibers are dissociated enough for the 
cells, muscle, or nerve fibers to be ob- 
served under the microscope. The diffi- 
culty with this method is that it is almost 
impossible to separate the individual 
cells so that several layers are not super- 
imposed, thereby making it difficult to 
see individual cells clearly. Another dif- 
ficulty is that unstained living tissue is al- 
most colorless, so that details of cellular 
structure cannot be seen unless the mi- 
croscope has a phase contrast objective. 


MAKING A PERMANENT SECTION 


While theoretically it is better to observe 
tissue that is still in its natural living 
condition, a clear understanding of tis- 
sue structure is almost impossible to 
achieve in this way. Several other 
methods have been devised. If the tissue 
is very thin or has been pulled apart 
carefully, it may be stained and pre- 
served without sectioning. After staining, 
a cover glass is placed on the slide. This 
does not, however, solve the problem of 
making the tissue thin enough to see in- 
dividual cells clearly. Therefore, almost 
all slides used in the study of both plant 


of glycerinated egg albumen. The tissue is now 


ready for staining. As the dyes used for stain- | 


ing are generally soluble in water, it is first 
necessary to remove the paraffin and then to 
hydrate the specimens by placing them suc- 
cessively in baths of xylene and alcohol, a 
process just the reverse of that applied when 
the tissues were dehydrated before being 
placed in paraffin. Illustrations 5a, 5b, and 5c 
show the jars used in this hydration operation, 
Illustration 5d shows the stained sections 
teady for mounting in balsam. A cover glass 
with a small drop of balsam on it is shown 
above the slide. Illustration 5e shows finished 
slides, in a carrier, ready for observation. The 


and animal tissue are of sectioned tissue. 
The process includes a number of steps: 
Fixation is the rapid killing and preser- 
vation of the tissue. A good fixative must 
not shrink or otherwise distort the tissue 
and it must preserve the tissue. Many 
fixing solutions contain formalin because 
tissues stain well after fixing in formalin, 
which is neutral and which does not 
harden tissues excessively. The important 
thing is that fixation should be carried 
out as soon as the tissue is dissected 
from the animal or it should be preserved 
in 70 percent alcohol or 5-10 percent for- 
malin. The next important step is embed- 
ding the tissue in paraffin so that it can be 
cut more easily. Since neither alcohol, 
water, nor formalin will mix with paraffin, 
however, it is necessary to find a solution 
that mixes with both the fixative and 
paraffin. Xylene and toluene are the most 
generally used solutions. First, all the 
water must be removed from the fixative 
or preservative, a process called dehydra- 
tion. This is accomplished by replacing 
the aqueous solution with higher and 
higher concentrations of alcohol. The 
absolute alcohol can now be replaced 
with xylene or toluene. 

The tissue is now placed in melted par- 
affin at a temperature only a few degrees 
above the melting point of paraffin. After 
about an hour, the melted paraffin has 
infiltrated through the tissue. The tissue 
is now removed to a small paper, metal, 
or plastic box into which is poured fresh 
melted paraffin. The paraffin in the box 
is then cooled rapidly in cold water, thus 


sue, still embedded in paraffin, are attached oy 
to glass microscope slides with a thin layer ly 


ally per- 


machine in Illustration 5f aut 

forms the operations just descr 

embedding the tissue in a s block of 
paraffin, which can be cut hin. 

The paraffin block with mtained 
tissue is cut or sectioned o! rotome, 
Either a sliding or a rotary stome is 
used. The sliding microto: tilizes a 
large, razorlike blade that 5 across 
the paraffin block; in the » micro- 
tome, the paraffin block m up and 
down against the knife. 

The sections, still with a t layer of 
paraffin around them, are ached to 
glass microscope slides with a thin layer 
of glycerinated egg albumen. The sections 


are now dried on a slightly warmed plate. 

To make cellular details visible and to 
reveal something of their chemical nature 
the sections must be stained, preferably 
with two contrasting stains, one a basic 
dye that brings out details of the nucleus, 
and the other an acidic dye that brings 
out details of the cytoplasm. Since dyes 
are soluble in either water or alcohol, the 
paraffin around the sections must be re- 
moved before staining begins. This is 
done by immersing the slides, with the 
attached sections, in xylene followed by 
several immersions in decreasing con- 
centrations of alcohol. 

The final step in the preparation of the 
slide is covering the section with a cover 
gla Excess stain is removed and the 
sections are again dehydrated and placed 
in xylene, which is miscible with the 
mounting medium, Canada balsam, & 
natural resin. A drop of balsam is placed 
on the section on the slide, and the cover 
glass is placed on top of the balsam. 
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The pri ion of material to be ob- 
served | ch the electron microscope 
is, in i an exacting procedure. If 
the spe ı is to be observed in a 
clear fi hat is, observed by trans- 
mitted ition, it must be extremely 
thin so the electron beam can pass 
throug! nd produce an image on a 
fluoresce ‘een or photographic film. 
The sy en must be strengthened 
and sta d so that it can withstand 
heat, ex e to a vacuum that will re- 
move \\ or other volatile substances 
from it bombardment by electrons. 


As eral rule, the thickness of 


the sec » be observed should be less 
than ] \ (1 Angstrom unit equals 
1/250, ) in. or 0.0001 um). Using 
specia niques such as those de- 
scribec scientists slice animal and 
plant t ; to the thickness of a single 
cell or a few millionths of an inch. 
Some ials such as metals cannot 
be slic o thin without altering their 
struct ind they must be observed 
by ot! thods. 

In positive image produced by 
the el in microscope, light areas cor- 
respond to parts of the material that 
present only a slight obstacle to the 
passage of electrons and cause only 
slight scattering of the electrons. Darker 


areas correspond to parts of the mate- 
rial that cause more scattering of elec- 
trons, due to some variation in molec- 
ular structure or chemical composition. 
Strong contrast is produced when the 
electrons pass through atoms of widely 
differing atomic weights. The light ele- 
ments with low atomic numbers cause 
little scattering of electrons and pro- 
duce a light area on the image, while 
heavy elements with high atomic num- 
bers cause much scattering and produce 
a dark area, Biological materials con- 
tain chiefly such light elements as car- 
bon, nitrogen, oxygen, and hydrogen, 
which cause little scattering. To create 
more contrast, and make details more 
clearly visible (in somewhat the same 
Way as specimens to be studied optically 
are stained with colored dyes) biological 
materials are often impregnated with 
chemicals that contain heavy atoms. 


histological techniques for 


Even a good photograph produced by 
the electron microscope may appear quite 
unlike one of the same subject, enlarged 
to the same degree, taken with an optical 
microscope. For example, the nucleus of 
a cell looks much larger in an electron 


electron microscopic observation 


microscope photograph. Some scientists 
feel that the techniques of building and 
using the electron microscope have pro- 
gressed much more rapidly than the tech- 
niques of interpreting the images they 
produce. 


OBTAINING THE SPECIMEN—In this case, 
the object to be studied is tissue from a rat's 
liver, Only a small quantity of tissue, usually 


less than 1 mm’, is required. It is removed 
from the animal shortly after death. Appropri- 
ate methods for preparation then follow. 


DEHYDRATING AND FIXING THE TISSUE— 
The first step in preparing the specimen is 
treating the tissue to ensure its preservation. 
It is immersed in caustic soda, which re- 
moves water from the tissue. A small per- 
centage of osmium tetroxide serves to sta- 
bilize the structure of the tissue and also to 
increase contrast by means of its heavy atom 
content. 


EMBEDDING THE SPECIMEN IN PLASTIC— 
The tissue is placed in the bottom of a small 
capsule-shaped glass container, and a syn- 
thetic resin, in liquid form, is poured over and 
around it. When the resin has impregnated the 
specimen and hardened, the specimen will be 
embedded in a clear but rigid material that 
can be cut with a knife. 
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THE SPECIMEN IN ITS PLASTIC MATRIX— 
Once the resin has hardened, it can be re- 
moved from the glass container. This photo- 
graph shows the resin plug turned over so that 
the specimen is at the top. The plastic used 
to impregnate specimens is shown in block 
form. It is a monomeric resin that hardens by 
polymerization. 


THE PYRAMID—Excess resin is cut away in 
a preliminary slicing operation. The part of 
the biological specimen that is of interest is 
now near the top of the pyramid, at the ta- 
pered end of the cylinder. At its widest point, 
the cylinder is less than 0.5 in. in diameter. 


THE ULTRAMICROTOME—The actual slicing 
is done by a Precision machine, the ultra- 
microtome. It is similar to microtomes used 
to section specimens for the optical micro- 
Scope, and not too different from an ordinary 
slicing machine. The specimen, mounted in 
an adjustable chuck, extends out from the 
vertical face of the machine, while the cutting 
blade extends up from the base. When the 
machine is in operation, the specimen is ad- 
vanced toward the blade between one cut and 
the next, a distance equal to the thickness of 
the section wanted. The binocular microscope 
and light at the top of the machine make it 
possible for the operator to observe the slic- 
ing process. 


FINAL PREPARATION FO! 
more resin, and unneeded p 
men, are cut away so as t 
that is to be observed. This 
by hand, by a skilled tech 
razor blade and a binoc 
When he is finished, the bic 
a sharpened pencil, with th: 
of the specimen at the point 


ING—Still 
the speci- 
the part 
n is done 
10 uses a 
croscope. 
resemble 
rtant part 


THE CUT BLADE—A specially cut dia- 
mond m e as the cutting blade of an 
ultramicr but broken glass, which is 
cheaper sier to obtain, is more widely 
used. TI inician making a new blade 
Starts wi small square of plate glass. 
With ad i-tipped glass cutter he marks 
a diagor ss the square. He then breaks 


THE BLADE IN POSITION—This photograph 
and the following one show the triangular 
Piece of glass mounted in the ultramicrotome, 
vi the acute angle that forms the cutting 
one at the top, near the chuck that holds 

@ specimen. The structure mounted on top 
of the glass triangle is a trough or basin 


the glass along this line by pulling the two 
triangles apart with two pliers. The edge cre- 
ated in this way is cleaner and straighter than 
if the glass had been broken by bending it 
along the line, the usual method of cutting 
glass. One point of the triangle becomes the 
cutting blade. 


constructed of thin metal or some other ma- 
terial and filled with water. The ultrathin sec- 
tions to be sliced off the specimen will fall 
into this trough and float there, supported by 
the surface tension of the water. Successive 
slices will float alongside each other, in the 
order in which they were cut. 


PREPARATION FOR SLICING—This photo- 
graph shows the blade, trough, and chuck 
from another angle. The ultramicrotome is 
now ready for the sectioning operation. The 
sections are much too fragile to be handled 
with even the most delicate tweezers. They 
will be scooped up on special holders, circles 
of wire mesh that have been covered with a 
thin, transparent membrane. 


THE FILM SUPPORT—The transparent mem- 
brane that is to support the ultrathin section 
must be strong but very thin—usually less 
than 300 A in thickness. It should be com- 
posed of atoms of low atomic numbers, so 
that excessive scattering of electrons by the 
support will not obscure details of the bio- 
logical material to be studied. One material 
widely used for this purpose is a polyvinyl 
formal resin. The thin film is formed by evap- 
oration. In this picture a glass slide is being 
dipped into a 33 percent by weight solution 
of polyvinyl formal resin and dioxane, a very 
dilute solution. A thin coating of the solution 
will cling to the slide when it is lifted out. 
The glass slide must be extremely clean. 
Before it is used for this purpose, it is washed 
in a sulfochromic acid solution and dried in 


an oven. 
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DRYING THE FiLM—The slide is held over a 
hot plate so that the rising current of warm 
air dries the slide and its coating. The di- 
oxane evaporates, leaving a very thin film of 
polyvinyl formal resin on the glass. 


THE FILM IS DETACHED—To remove the film 
from the glass, the technician dips the slide 
into water. The film comes loose and floats 
to the surface. The water used in this opera- 
tion is distilled water, poured into a clean 
container and carefully inspected. Any specks 
of dust that settle on the surface of the water 
are removed before the slide is immersed. 


THE FILM IS ATTACHED TO THE ‘OLDERS— 


Tiny disks of wire mesh are jed under 
the floating film. The disks, w are about 
1/8 in. in diameter, adhere tc film. The 
holes in the mesh are about C in. in di- 
ameter; there are 200 holes to ach in the 


mesh material. 


REMOVING THE HOLDERS FROM THE 
WATER—To pick up the holders, the techni- 
cian places a piece of clean, absorbent paper 
on the surface of the water. The film and the 
holders cling to the wet paper, which is then 
lifted out and dried in a desiccator. Once they 
are dry, the film-covered wire disks are easily 
detached from the paper. 


MOUNTING ECTION ON A HOLDER — 
Using very te tweezers, the technician 
lowers one onto the water-filled trough 
on the ult tome, where one ultrathin 


peel FOR THE SPECIMEN—To protect 
J ragile tissue from bombarding electrons 
inside the microscope, a thin film of carbon 
(rapte) is evaporated onto the preparation. 
nside a glass bell from which air has been 


section sliced from the specimen is floating. 
The section adheres to the film that covers the 
wire mesh. 
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removed, the holder and section are exposed 
to the electrodes of an electric arc. The 
graphite of the electrodes sublimes at a tem- 
perature of 3,500° to 4,000° C (6,332° to 
7,232° F) and is deposited on the specimen. 


STAINING THE SPECIMEN—Some biological 
materials have enough contrast to give a clear 
image under the electron microscope. Other 
materials need staining with heavy metallic 
salts to strengthen contrast. Salts are used 
because they are soluble in water and can im- 
pregnate the biological material. Heavy metals 
are used because they exert a strong braking 
effect on electrons, and increase electron 
scattering. Substances commonly used are 
tungsten and lead salts. One or more drops 
of the solution are placed on each holder, and 
the prepared specimens are allowed to dry. 
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THE COMPLETED PREPARATIONS—A single 
sample of tissue may yield a great many 
preparations. If the sections are studied in 
the order in which they were cut, they provide 
the observer with an opportunity to reconstruct 
a three-dimensional view of the original struc- 
ture. It is well to have a large number of prep- 
arations, because some may be destroyed by 
exposure to the electron beam. The ones 
shown in this photograph are far from identi- 
cal—they are of differing thicknesses and 
intensity of coloration. A preliminary observa- 
tion will enable the operator to choose the 
ones that show best the special characteristics 
in which he is interested. This photograph 
shows the holders arranged on white paper, 
ready to be picked up with tweezers and 
introduced into the microscope. To protect 
them from dust and humidity, they are kept in 
a covered glass box. 


BIONICS 


Man has always been intrigued by the 
possibility of building machines or me- 
chanical devices based on the structure 
of animals that can fly, swim, jump, see, 
hear, or smell better than he can. Some 
of the best-known examples are Leo- 
nardo da Vincis studies of flying ma- 
chines, modeled after the wings of bats 
and birds. If sufficiently powerful en- 
gines had been available in da Vinci's 
time, it is quite possible that his ma- 
chines could have flown. Other less spec- 
tacular examples are the streamlined 
shapes of submarines and the fuselages 
of airplanes, so like the streamlining of 
whales, many fish, and birds. More re- 
cently, biologists, with the cooperation 
of engineers, physicists, and mathema- 
ticians, have been constructing simpli- 
fied models that can reproduce some of 
the fundamental functions of living sys- 
tems. Such studies of analogies between 
living systems and machines have led to 
the development of two new sciences— 
bionics and cybernetics. 

The word bionics comes from the com- 
bination of the two words, biology and 
electronics. Cybernetics comes from a 
Greek word meaning “governor” or 
“guide.” The two sciences are in fact two 
aspects of one science. The aim of bionics 
is the construction of mechanical systems 
based on living systems, while the aim of 
cybernetics is the mathematical analysis 
of the flow of information in electronic, 
mechanical, and biological systems. The 
two studies are, therefore, complemen- 
tary to each other. As yet no formal re- 
search is going on in bionics and univer- 
sities do not give degrees in this new 
science, which was formally initiated in 
1960. However, bionics goes on when- 
ever a biologist and an engineer or phys- 
icist meet to share scientific experiments. 

While cybernetics develops and ana- 
lyzes the content of information by means 
of computers, bionics is concerned with 
improving the means of acquiring that 
information. Bionics may lead to im- 
provements in computers along the lines 
of the human brain, an organ far superior 


living systems as models 
for man-made systems 


THE FLYING MACHINE AND THE BAT’S 
WING—In inventing machines, men have al- 
ways been inspired by nature. Thus, the flight 
of birds and bats has suggested numerous de- 
signs for flying machines. Leonardo da Vinci's 


1b 


btedly pro- 


drawings of flying machines ur 

vide the most famous examples stration 1a 
is a model of a wing, built accor ) to one of 
Leonardo da Vinci's sketches ‘or a flying 
machine. Illustration 1b is a bat in flight. 


THE BAT RADAR—The bat (shown in 


Ilustratio anging by its hind legs in its 
usual res ition from the wall of a cave) 
utilizes a able method of avoiding ob- 
lapis in k. Bats produce ultrahigh- 
requenc i waves that bounce off any 
nearby < he echoes of these waves in- 
form the the location and distance of 
Nearby < This method is so sophisti- 
cated ar tive that it even works in a 
cave wit! hundreds of bats flying around. 
Modern rch is endeavoring to discover 
eens e bat recognizes the echo from 
the ae j wave emissions. To measure 
4 ec! potential of the individual acous- 
tic nerve fibers of bats, microelectrodes have 
been inserted in the acoustic nerve. Another 


to any computer in its ability to analyze 
informat ion, to remember, and to operate 
with low power consumption. 


INFORMATION-GATHERING 
MS IN ANIMALS 


Living organisms have extraordinary 
means for collecting information from 
their environment. The bat is an example 
of an animal with an outstanding ability 
to gather information about surrounding 
objects in the dark. During World War 
II, when radar was being developed, bi- 


way of attacking the problem is to stimulate 
the hearing apparatus with the sounds of other 
bats in order to isolate areas in the brain 
where the signals are sorted out. Studies of 
the bat's echo device helped in the develop- 


ment of radar. 
Illustration 2b shows a Navy ship equipped 


ologists discovered that the bat had 
evolved an analogous system hundreds 
of thousands of years ago. By emitting 
ultrahigh-frequency sound waves that 
bounce off any nearby object and listen- 
ing to the echoes of those waves, bats can 
sense the location and distance of the ob- 
ject. If man had understood the mecha- 
nism earlier, the technological applica- 
tion would have been of immediate use. 
Many animals have information-gather- 
are still poorly under- 
example the ability 
t of the 


ing systems that 
stood by man, as for 
of a stork to retum to its own nes 


with radar. The radio waves produced by the 
radar transmitter are analogous to the ultra- 
high-frequency sound waves produced by 
bats. After the returning waves are received 


they are made visible on a radar screen. 
“Radar” stands for RAdio Detecting And 
Ranging. 


previous year after flying many thousands 
of miles during its yearly migration. An- 
other little-understood ability is that of 
the mosquito to perceive the hum of an- 
other mosquito at a distance of some 
hundreds of meters in spite of strong 
winds and loud noises. 

Frogs provide an example of a peculiar 
selectivity in response to objects seen. 
Frogs try to eat any insect-sized object 
that moves in their visual field, but will 
starve if left sitting on a layer of fresh 
insects that do not fly into their visual 
fields. To explain this, frog brain waves 
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SCARABS AND THE ARTIFICIAL EYE—Scarab 
beetles are able to maintain their position no 
matter how their surroundings are moved 
around. If a scarab is placed in a revolving 
cylinder, the path it follows depends on the 
direction and the velocity of the light reflec- 
tions produced as the cylinder rotates. This 
ability is due to the shape of the insect’s com- 
pound eyes, which are composed of several 
thousand individual eyes arranged so that 
the whole eye somewhat resembles a cut dia- 


mond with many facets. The information ob- 
tained from each ommatidium (individual eye) 
is integrated with information from adjacent 
ommatidia so that the insect senses its direc- 
tion and speed of movement. The principle 
underlying this integration process has been 
used to develop a navigational device that 
calculates the speed of moving rays of light. 
Installed in an airplane and directed toward 
the ground, this device registers the airplane's 
speed with respect to the ground. 
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were studied while objects of all sizes 
and shapes were moved in front of their 
eyes. In this way, two facts were estab- 
lished: the frog does not see insects as 
such, but rather objects with the di- 
mensions of insects moving within reach 
of its tongue. It also sees large objects 
that might represent a threat, such as an 
approaching heron, snake, or man. In the 
first case, the frog is stimulated to eat 
the moving object within reach of its 
tongue; in the second case, it jumps or 
swims rapidly away, attempting to find 
a hiding place. These observations were 
of use when an electronic eye was being 
engineered, capable of distinguishing 
only a given type of moving object, while 
ignoring all others. The most important 


use of this device is in a radar set that 
selects only a given type of target. 

In recent years, electronic technology 
has made enormous advances, especially 
in the field of micro-miniaturization. In- 
tegrated circuits are now being manu- 
factured that provide a great improve- 
ment in reliability, a reduction of the 
physical dimensions of circuits, extended 
response to high frequencies, and re- 
duced operating time. A fairly precise 
system of navigation that uses the moon 
or the stars as reference points has been 
built using such advanced electronic 
technology. The system is built in such 
a way that it can be installed in an air- 
plane or in a missile. With recent tech- 
niques of miniaturization, such equip- 


ment weighs only 2 kg (about 4.5 Ibs), 
A somewhat analogous device, however, 
already existed in sand flic- and some 
moths that can orient the» elves with 
respect to light from the mo: . The com- 
pound, hemispheric insect > with its 
many lenses can sense fron iich direc- 
tion light is coming. The « ice of the 
moon or stars is so great light rays 
coming from them are pr lly paral- 
lel; therefore, these noctun nimals can 
sense that they are movil a straight 
line when light continues npinge on 
the same portion of the « When the 
direction of movement is ged, light 
stimulates nerves comin om other 
parts of the eyes, These ves, going 
to the brain, inform thi ct of the 
changed direction. 

Another example illustr the possi- 
bilities of bionics is the »-detecting 
apparatus of some insect 1e male of 
the silkworm moth identifi nd finds a 
female by her odor. His « nely sensi- 
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NAVIGATION SYSTEM OF THE SAND FLY— 
Some insects, including the sand fly, have 
evolved a system of navigation that utilizes 
moonlight as a reference point. This system, 
which involves the insect’s compound eyes 
and brain, is much smaller than any that man 
has yet built. 
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mell is capable of perceiv- 
nee of one or two odor 
ihe air. The human sense 
s a much larger number 

1 order to react. An elec- 
ith a sensing mechanism 
the silkworm moth’s sense 
e used for detecting gases 
g laboratory analyses by 
components that could 
ye distinguished. Such a 
be capable of distinguish- 
izing people with a greater 
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GYROSCOPE—A fly (Illustra- 
y one pair of wings. In place 
r that most insects have, the 
stubby, vestigial wings called 
cers. When a fly is flying, it 
antero-posterior, or “pitch,” 
r less so in the “roll” plane, 
in the horizontal, or “yaw,” 
r equilibrium in this plane is 
tches of sensory cells located 
the halteres. Information re- 
ilso from the eyes enables the 
horizontal position in flight. 
re removed, many species of 
to fly. In a sense, it can be 
{teres are “gyroscopic” sense 
to perceive deviation from the 
ibration 


precision than can a police dog. It could 
also be used to identify damaged food 
long before it started to deteriorate. 
The rattlesnake provides a final exam- 
ple of miniaturized information-gather- 
ing devices that man may someday be 
able to copy mechanically. Rattlesnakes, 
like all other pit vipers, have a pair of 
pits located between the nostrils and the 
eyes. These pits are lined with sensory 
cells, up to a thousand per square milli- 
meter, that can detect changes in the 
temperature of the environment as far 


Illustration 5b shows a rotating stabilization 
gyroscope. Although insect “gyroscopes” are 
not constructed at all like man-made gyro- 
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as a foot and a half away. In this way 
the rattlesnake locates its warm-blooded 
animal prey in the dark or if blinded. 
Man has not yet devised a micro-minia- 
turized sensor having so many sensory 
units in such a minute area, especially 
one that does not require amplification. 

Bionicists are studying the extreme 
sensitivity of receptor organs, the retrieval 
capability of the central nervous system, 
the huge information storage potential of 
chromosomes, and decision-making cir- 
cuits in some lower animals. 


scopes, their function is somewhat similar. 
Very small gyroscopes keep airplanes and 
rockets on course. 
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ABBREVIATIONS 


footcandle 
foot-pound 


universal gravitational constant 
gram 

gallon 

gram-calorie 

gallons per minute 

gallons per second 


hour 

photon energy 
horsepower 

hertz (cycles per second) 


electric current 
inside diameter 
inch 

square inch 
cubic inch 
inch-pound 
inches per second 


joule 


temperature Kelvin (absolute) 
kilocalorie 

kilogram 

kilogram-calorie 
kilogram-meter 

kilograms per cubic meter 
kilograms per second 
kilometer 

kilovolt 

kilowatt 

kilowatt-hour 


liter; lumen 

latitude 

pound 

pound-foot 

pounds per square foot 
pounds per cubic foot 
pound-inch 
lumen-hour 

linear foot 

logarithm (common) 
logarithm (natural) 
longitude 


meter; minute (time, in astronom- 
ical circles) 


yd 
yd? 
yd* 


SCIENTIFIC SYMBOLS AND ABBREVIATIONS 


A ampere 
A Angstrom unit 
abs absolute A 
a-c alternating current (as an adjective) 
amu atomic mass unit 
atm atmosphere 
at. wt atomic weight 
AU astronomical unit 
avdp avoirdupois 
Bev one billion electron volts 
bhp brake horsepower 
bhp-hr brake horsepower-hour 
bp boiling point 
Btu British thermal unit 
Cc temperature Celsius; temperature 
Centigrade 
c candle 
cal calorie 
cfm cubic feet per minute 
cfs cubic feet per second 
cgs centimeter-gram-second (system) 
cl centiliter 
cm centimeter 
cm? square centimeter 
cm? cubic centimeter 
coef coefficient 
colog  cologarithm 
cos cosine 
cot cotangent 
cp candlepower 
cse cosecant 
cu cubic 
cuft cubic foot 
db decibel 
d-e direct current (as an adjective) 
doz dozen 
E electromotive force 
e the base of the system of natural 
logarithms 
ev electron volt 
F temperature Fahrenheit 
fp freezing point 
fpm feet per minute 
fps feet per second 
ft foot; feet 
fte square foot 
fte cubic foot 
a alpha particle 
B; B- beta particle 
Bt positron 
Y gamma radiation 
A a small change; heat 
X wavelength; radioactive-decay con- 
stant 
ma milliampere 
pe microcurie 
pf microfarad 
pin. — microinch 
pm micron 
yp micromicron 
puf  micromicrofarad 
v frequency; neutrino 
7 3.14159; osmotic pressure 
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the sum of 

nuclear cross section (barns); area 
electrical resistance (ohms) 
angular speed; angular velocity 
minute (angular measure) 
second (angular measure) 

male 

female 

is greater than 

is less than 

is proportional to 

infinity 

square root of 


degrees; temperature; angle measure- 
ment (example, 30°) 


0 
+ 


square meter 
cubic meter 
milliampere 

one million electror 
milligram 
millihenry 

mile 

square mile 

minute 
meter-kilogram 
milliliter 
millimeter 

square millimeter 
cubic millimeter 
millimicron 

miles per hour 
miles per hour per id 
millivolt 


Avogadro's constar 
factorial n 


outside diameter 


ounce 
rating on acid-alk scale 
parts per million 

pounds per square 

pounds per square ibsolute 
temperature Rea resistance 


right ascension 
revolutions per m 
revolutions per se 


secant; second 
sine 

specific gravity 
square 


tangent 


volt 
volt-ampere 


watt; work 


yard 
square yard 
cubic yard 


molar concentration 

positive electric charge; mixed with; 
plus 

negative electric charge; single cova- 
lent bond; minus 


equals; double covalent bond; pro- 
duces 


does not equal 

triple covalent bond 

produces; forms; chemical reaction 
reversible chemical reaction 

gas produced by a chemical reaction 


Precipitate produced by a chemical 
reaction 


radioactive substance (follows sym- 
bol of element; example, Cl*) 


THE 
ILLUSTRATED SCIENCE 
DICTIONARY 


Blowpipe to Chemical Change 


KEY TO PRONUNCIATION 


The diacritical marks are: 


ə banana, abut e bet th thin 
ə preceding l, m, n é beat th then 

as in battle i tip ü rule, fool 
4 electric ī bite ù pull, wood 
ər further j job, gem ue German 
a mat y sing hiibsch 
a day 6 bone we French rue 
a cot, father 6 saw, all yü union 
aù now, out òi coin zh vision 


| mark preceding the syllable with strongest stress. 
, mark preceding a syllable with secondary stress. 


The system of indicating pronunciation in these volumes is used by permission 
from Webster's Third New International Dictionary, copyright 1961 
by G. & C. Merriam Co., Publishers of the Merriam-Webster Dictionaries. 
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blowpipe 


blowpipe \'bl6-,pip\ n. i 
CHEMISTRY. À small, tubular device with a jet opening, used to 
force air or gas into a flame in order to intensify and concen- 
trate its heat. 


A BLowPrE may be used in making a chemical analysis. 


blueprint \'blii-,print\ n. 
ENGINEERING. À photographic print in white on a blue back- 
ground, or blue on a white background, used as an exact and 
detailed outline of architectural or engineering plans. 


A BLUEPRINT is produced by a photochemical process. 


bog \'bäg or 'bog\ n. 
EARTH SCIENCE. Wet, spongy ground that contains decayed moss 
and other vegetable matter; a swamp. 


Grasses, sedges and mosses are typical of the vegetation in a 
BOG. 


boil \'boi(a)I\ 
1. puysics (V.) To vaporize a liquid with accompanying bub- 
bling, by the application of heat or reduction of pressure, or 
both. 2. mepicive (N.). An inflamed, painful swelling of the 
skin that is pus-filled and caused by infection. 


A liquid can be made to sou. at a lower temperature by reduc- 
ing the atmospheric pressure on its surface, 


boiling point \'bói(ə)l-iņ ‘point\ 
pnysics. The temperature at which a liquid boils, or the tem- 
perature at which the vapor pressure of a liquid equals the at- 
mospheric pressure on the liquid. 


The Bonne roint of any liquid varies with the atmospheric 
pressure on that liquid. 


bolide \'bé-lid\ n. 
ASTRONOMY. A brilliant meteor, particularly one that explodes. 


A BOLDE is sometimes referred to as a fireball. 

boll \'bōl\ n. 
BOTANY. The pod of a plant, particularly of cotton or flax. 
The larva of the boll weevil is hatched in the pout. of a cotton 
plant. 


bombardment \bim-'bard-mont\ n. 
PHYSICS. A stream of tapidly-moving particles, such as electrons, 


BLOWPIPE 


Double bond 
Single bond 


CH= CH~CH, 


Propylene 


BOND 


BOOSTER ROCKET 


borax 


neutrons or other subatomic particles, directed at atomic 
nuclei. 


BOMBARDMENT occurs in a nuclear reactor. 


bond \'bind\ n. 
cuemustry. The electrical attraction caused by the distribution 
of electrons around the nuclei of the atoms that are held to- 
gether. 
In chemical formulas, a double sonn is indicated by a double 
line (=) or two dots (:). 


bone \'bon\ n. 
ANATOMY and zootocy. Any hard piece or part of the skeleton 
of vertebrate animals. 


A soft tissue in the gone, called marrow, manufactures blood. 


Boolean algebra \'bü-lē-ən 'al-jə-brə\ 
MATHEMATICS. A system of logical propositions denoted by sym- 
bols and subjected to abstract mathematical operations that 
correspond to the laws of logic. 
George Boole, an English mathematician, developed BOOLEAN 
ALGEBRA. 


booster rocket \'bii-stor 'räk-ət\ 
ASTRONAUTICS. An auxiliary rocket that is used to assist in the 


takeoff of a larger rocket. 
The thrust from a BOOSTER ROCKET, though of great intensity, 
lasts for only a short period. 


booster shot \'bii-stor 'shät\ 
MEDICINE. An additional injection of a vaccine given after a 
specified period to maintain an immunity developed by a pre- 
vious injection. 
Physicians commonly give a BOOSTER SHOT for tetanus every 
three years. 


borate \'bor-,at\ n. 
CHEMISTRY. A salt or ester of boric acid. 
The common compound borax is & BORATE. 


borax \'bō(ə)r-,aks\ n. 
CHEMISTRY and EARTH SCIENCE. NazB407' 10H20. A colorless or 


white crystalline salt; an ore of boron. 
porax is used in the manufacture of such household items as 
soaps, enamel and glass. 
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boreal 


boreal \'bor-é-al\ adj. 
EARTH SCIENCE. Northern, or pertaining to Boreas, the north 
wind. 


The North Pole is the sorraL pole. 


boric acid \'bor-ik 'as-ad\ 
CHEMISTRY. HBO . A white, crystalline, mildly acid compound 
used as an antiseptic and in the manufacture of many products, 
such as cements, enamels and glass. 


BORIC ACID is often used in a three percent solution as an eye- 
wash, 


boron \'bō(ə)r-än\ n. 
CHEMISTRY. A nonmetallic chemical element occurring naturally 
only in combination and produced either as a brown, amor- 
phous powder or as very hard crystals. Symbol, B; atomic num- 
ber, 5; atomic weight, 10.82. 


An alloy of Boron and iron is used to make the control rods in 
some nuclear reactors. 


botanist \'bit-°n-ast\ n, 
BoTANY. A scientist who studies the structure, life processes, 
relationships and distribution of plants on the earth. 


Luther Burbank, a famous Boranist, performed many useful 
experiments with plants. 


botany \'bit-°n-é\ n. 
The branch of biology that deals with the life, structure, 
growth and classification of plants. 


The study of Borany is generally part of the preparation for 
a career in agriculture or forestry. 


boulder \'bdl-dar\ n. 
EARTH SCIENCE, Any detached, large rock that has been rounded 
or worn by weather and water; a rock greater than 256 mm. 
(approximately 10 inches) in diameter, 


A glacier may transport a povinen weighing several tons for 
great distances, 


boundary layer \'baùn-d(ə-)rē 'Iā-ər\ 
PHYSICS, In a fluid moving over a surface, a thin layer of de- 
creased velocity closest to the surface. The decreased velocity 
is caused by the friction of the fluid as it contacts the surface. 


To reduce drag of the air Bounpary LAYER, one type of aircraft 
wing sucks in air through small slots in the wing. 
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Boyle’s law \'boi(a)lz ‘lo\ 
PHYSICS. A law of physics stating that the product of the volume 
and the pressure of a given mass of a gas (pv) is constant at 
a given temperature. 


BOYLE’s LAW is named for the English physicist and chemist, 
Robert Boyle. 


brace roots \'bras 'riits\ 
BOTANY. Prop or supporting roots. 


Corn is a common plant that has BRACE ROOTS. 


brachial \'brak-é-al\ adj. 
ANATOMY. Pertaining to the arm, an armlike part or an armlike 
process. 


The chief artery of the upper arm is called the BracHiat artery. 


brachistochrone \bra-'kis-to-,krén\ n. 
puysics. A cycloidal curve or path along which a body, under 
the influence of gravity alone, will fall from one point to another 
in the shortest time. 
A common physics experiment involves comparing the time 


of descent of a marble along a path shaped like a BRACHISTO- 
curone and along an inclined plane. 


braided stream \'brad-ad 'strēm\ 
EARTH SCIENCE. A stream that is divided into or follows an in- 
terlocking system of channels separated by sandbars or islands. 


A prawep strEAM is formed when more sediment is washed 
into the stream than can be carried away. 


brain \'bran\ n. 
puysiotocy and zootocy. A large mass of nerve tissue that 
serves as the center of voluntary movement and coordination 
in man and other vertebrates; the part of the nervous system 
where memory, reasoning and other mental processes occur. 
In vertebrates, the brain is enclosed in a skull at the upper end 
of the spine. 
The average weight of the BRAIN of the human male is close 
to three pounds. 

brain wave \'bran 'wav\ 
menice and prysiotocy. Rhythmic electrical impulses given 
off by the nerve centers in the brain and spinal cord. 
A sprain wave can be measured by an instrument called an 
electroencephalograph. 
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braking ellipse 


braking ellipse \'brak-in i-'lips\ 
ASTRONAUTICS. The successively smaller orbits a spacecraft fol- 
lows in returning to earth from space. At a point on each orbit, 
the spacecraft loses speed through friction with the earth’s at- 
mosphere until it has lost enough speed to enter the atmosphere 
safely. 


A spacecraft in a BRAKING ELLIPSE loses some of its heat as it 
leaves the earth's atmosphere once during each orbit. 


branch \'branch\ n. 

1. EARTH SCIENCE. A tributary stream that runs into a larger 
waterway. 2. ANATOMY. Any arm or part extending from the 
main body. 3, Borany. A short or secondary woody extension 
growing from the main stem of a tree. 4. ENGINEERING and 
MATHEMATICS. The way that a digital computer chooses, out of 
two or more possible ways, to solve a problem as the most 
logical way. 


The Missouri River is the longest Brancu of the Mississippi 
River. 


brass \'bras\ n. 
CHEMISTRY. A yellowish alloy made of copper and zinc combined 
in varying proportions. 


BRASS ROD 
Brass is used in making such musical instruments as the tuba 
and the trombone. 


A ACETYLENE 
FLAME 
braze \'braz\ v. 


ENGINEERING. To join two metals or alloys by a type of welding BRAZE 
operation using a relatively high-melting, nonferrous metal or 
alloy to bind the two parts together. 


Silver alloys, brasses and bronze are often used to BRAZE. 


breccia \'brech-(é-)a\ n. 
EARTH SCIENCE. A rock composed of sharp-cornered fragments 
that are cemented together by sand, clay or lime. 


BRECCIA is produced by the grinding and crushing of rocks in 
a fault. 


breed \'bréd\ n. 


BIOLOGY. A type of animal or, sometimes, plant, distinguished 
by having certain features that remain the same generation 
after generation; a variety or race of animal, gece 


The dachshund is a nrexp of dog that is noted for its short legs 
and long body. 


BRIGHT-LINE SPECTRUM 
Reference 
lines 


RING NEBULA IN CONSTELLATION LYRA 


BRIGHT NEBULA 


bromide 


breeder reactor \'bréd-or ré-'ak-tar\ 
PHYSICS, A reactor that produces more atomic fuel than it con- 
sumes. 


Plutonium is produced from uranium in a BREEDER REACTOR. 


breeding range \'bréd-iy 'ranj\ 
zootocy. That portion of an animal's geographic habitat in 
which reproduction normally occurs. 
The BREEDING RANGE of the American catbird extends from Brit- 
ish Columbia south to the Gulf of Mexico. 


bright-line spectrum \'brit lin 'spek-tram\ 
puysics, An emission spectrum having bright lines against a 
dark background. 
By using the spectroscope, scientists can identify the elements 
represented in a BRIGHT-LINE SPECTRUM. 


bright nebula \'brit 'neb-yə-lə\ 
ASTRONOMY., A cloud of dust and gas in space that is illuminated 
by the light from a nearby star. 
The famous Ring Nebula, in the constellation Lyra, is an ex- 
ample of a BRIGHT NEBULA. 


brine \'brin\ n. 
cuemistry, A concentrated salt solution. 


Salt is generally mixed with the ice in a home ice-cream freezer 
to produce a srne with a temperature below 0° C. 


British thermal unit \'brit-ish 'thor-mal 'yü-nət\ 
cuemistry and puysics, The quantity of heat necessary to raise 
the temperature of one pound of water one degree F.; abbr. 


Btu. 
The BRITISH THERMAL UNIT has 252 calories. 


brittleness \'brit-*I-nas\ n. 
puysics, The property of a material that causes it to fracture 


under slight bending or deforming. 

prrrrieness is a characteristic of certain alloys of steel. 
bromide \'bro-,mid\ n. 

CHEMISTRY. A compound of bromine and another element. 


Silver Brome is much used in photography. 
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bromine 


bromine \'bré-,mén\ n. 
CHEMISTRY, One of the halogen group of elements, closely re- 
sembling chlorine, that is in the form of a reddish-brown vapor 
and has an unpleasant odor, Symbol, Br; atomic number, 35; 
atomic weight, 79.91. 


A compound of snomune is used in antiknock motor fuel. 


bronchi \‘briin-,ki\ n. 
ANATOMY. The two main branches of the trachea, or windpipe, 
that lead to the lungs, 


A bronchoscope is used to examine and treat the inside of the 
BRONCHI, 


bronze \'briinz\ n. 
CHEMISTRY, An alloy of copper and tin that sometimes has small 
proportions of other elements, such as zinc or phosphorus, 
The various uses of BRONZE depend upon the properties pro- 
duced by the proportions of its ingredients, 


Brownian motion \'braù-nē-ən 'mé-shon\ 
Puysics. The constant, rapid, random movement of suspended 
colloidal particles, caused by collision with molecules of the 
fluid surrounding the particles, 


Dr. Robert Brown, a Scottish botanist, first demonstrated 
BROWNIAN MOTION, 


bruise \'briiz\ n, 
BIOLOGY, An area of discoloration, usually brown or black, on 
the skin of an animal or fruit, caused by a blow that does not 
break the skin. 


zn man, a unwise around the eye is called a black eye. 


Brunton compass \'bron-ton 'kom-pas\ 
EARTH SCIENCE, A small pocket com with a sighting device 
and reflector attached, E SE 


The BnuNTON compass is used by geologists to determine direc- 

tion and to measure the attitude or angle of rock strata, 
bryozoan \brī-ə-'z5-ən\ n, 

BIOLOGY, A zooid belonging to a small phylum of aquatic ani- 

mals that reproduce by budding and usually form colonies, 


A BRYOZOAN has a true coelom, 


Btu 
The abbreviation for British thermal unit. See British thermal 
unit, 


BRONCHI 


BRYOZOAN 


WINDPIPE 


BUBBLE 
CHAMBER 


Path of beta particle 
in bubble chamber within 
a magnetic field 


BUNSEN BURNER 


buoyancy 


bubble ee ae ‘chiim-bor\ 
PHYSICS. ber in which an atomic particle is passed 
through a superheated liquid to produce a path of bubbles 
along its track, The track is then photographed and studied. 


The liquid hydrogen Bussi: cHAMuEn is a recently-developed 
instrument for nuclear track recording, 


bud \'bəd\ n. 
sorany, A small, undeveloped stem or shoot of a plant from 
which leaves or flowers develop. 


A sup is often covered by outer leaves. 


buffer \'bəf-ər\ n. 
cuemistry. Any substance that tends to prevent a change in 
composition, particularly the hydrogen ion concentration of 
a solution. 
A surrer maintains the hydrogen ion concentration of a solu- 
tion through the common-ion effect. 


buffer salt \'bəf-ər 'solt\ 
cuemistry, A salt used to make a solution, usually a weakly- 
ionized acid or base, whose acidity or basicity is not changed 
when a small amount of acid or a base is added. 


Blood contains BUFFER SALT. 


bulb \'bəlb\ n. 
porany, A thickened, fleshy plant bud, usually 
that has overlapping, scalelike leaves, and in which food re- 
serves are stored; for example, the bulbs of the onion and the 
lily. 
People sometimes mistakenly call the corm of the crocus and 
gladiolus, or the tuber of the potato and dahlia, or the rhizome 
of certain irises and ferns, a BUM, 


Bunsen burner \'bon(t)-son 'bar-nor\ 
cuemisray. A small gas bumer consisting of a hollow metal 
tube with adjustable holes to admit air and producing a hot 
flame when lighted. 
The flame produced by a nuxsen nunnen is regulated by ad- 
justing the mixture of gas and air. 

buo \'bòi-ən-së\ n. 
OyAG. The ability to Boat on the surface of a liquid, or the 
upward force on a floating or submerged object. 
Although the density of steel is seven times that of water, steel 
ships have wvovancy because they are hollow, 
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burette 


burette \byù-'ret\ n. 
cmemIsTRY. A graduated, cylindrical glass tube with a small 
opening and a stopcock at the bottom. It is used by chemists 
to measure small quantities of liquid or gas. 
A surerte is standard equipment in a well-equipped chemistry 
laboratory. 


bursa \'bər-sə\ n. 
ANATOMY. À sac or pouchlike cavity filled with a viscid (sticky ) 
fluid, especially between joints. 
A Bursa is located at a place where friction would otherwise 
develop. 


bushel \'bush-al\ n. 
MATHEMATICS. A unit of dry measure equal to 4 pecks, or 32 
quarts. 


Large quantities of potatoes are sold by the BusHEL. 


butane \‘byii-,tan\ n. 
CHEMISTRY. C4Hio. Either of two inflammable, gaseous hydro- 
carbons in the methane series that have the same formula but 
different structures, depending on how each carbon atom links 
with the other three. 


BUTANE is found in petroleum and natural gas. 


butte \'byüt\ n. 
EARTH SCIENCE. A large hill, isolated by erosion and having 
steep sides and a small, flat, pointed or rounded top; also, a 
mesa greatly reduced in size by erosion. 


A surte can tower hundreds of feet above a valley floor. 


butyl rubber \‘byiit-*l 'rab-ar\ 
CHEMISTRY. A synthetic rubber, polyisobutylene, highly resist- 
ant to chemicals and physical abrasion. 


BUTYL RUBBER is used in making automobile tires. 


butyric acid \byii-'tir-ik 'as-ad\ 
CHEMISTRY. C;H;COOH. Either of two colorless isomeric acids 
having an unpleasant odor. 


Normal suryric acm is found in rancid butter and in perspira- 
tion. 


by-product \'bi-,prid-(,)akt\ n. 
CHEMISTRY. A secondary or incidental substance produced in 
the course of making a primary substance. 


The fertilizer ammonium sulfate is one sy-provuct of the coke 
industry. 


BURSA 


KNEE 


CADMIUM (ATOM) 


2 ELECTRONS IN O-SHELL 
18 ELECTRONS IN N-SHELL 
18 ELECTRONS IN M-SHELL 

8 ELECTRONS IN L-SHELL 


2 ELECTRONS IN K-SHELL 


°C. 
An abbreviation for a temperature measured on the Centigrade 
temperature scale. See Centigrade temperature scale. 


cadmium \'kad-mé-om\ n. 
CHEMISTRY. A gray or blue-white metallic element, a by-product 
of zinc refining, that is easily molded and used as a corrosion- 
resistant plating for steels, Symbols, Cd; atomic number, 48; 
atomic weight, 112.40. 


capmium is used to absorb neutrons in small nuclear reactors, 
as a protection against radiation. 


caisson \'kā-,sän\ n. 
ENGINEERING. À structure, boxlike or tubelike in shape, used as 
a foundation in underwater construction, or as a working cham- 
ber for men employed in underwater construction. 


Compressed air keeps mud and water out of the working cham- 
ber of a CAISSON. 


calcareous \kal-'kar-ë-əs\ adj. 
CHEMISTRY and EARTH SCIENCE. Relating to materials composed 
of or containing calcium carbonate, CaCOs. 


Limestone, chalk, coquina, dripstone and dolomite are com- 
mon CALCAREOUS rocks. 


calcification \ kal-so-fa-'ka-shon\ n. 
1. puysioLocY. The process by which calcium salts are de- 
posited within a tissue. 2. EARTH SCIENCE. Formation of fossils 
by replacement of the hard parts of a plant or animal with 


calcium carbonate. 
catcirication takes place in the formation and growth of the 
bones in the body. 


calcite \'kal-sit\ n. 
CHEMISTRY and EARTH SCIENCE. CaCO}. The mineral calcium 


carbonate that is found in various forms. One form, known as 
Iceland spar, consists of clear crystals that cause double re- 


fraction of light. 
Chalk and limestone are forms of CALCITE. 
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calcium 


calcium \'kal-sé-om\ n. 
CHEMISTRY. A silver-white, soft metallic element, always found 
in compound form because it is chemically very active. Symbol, 
Ca; atomic number, 20; atomic weight, 40.08. 


Compounds containing caucrum, in such foods as milk and 
egg yolk, are necessary for the healthy development of the 
teeth and bones. 


calculus \'kal-kya-los\ n. 

MATHEMATICS, The branch of mathematics that uses the con- 
cept of limits in the study of the rate of change or the change 
in the value of a function with respect to the variable or vari- 
ables under observance; also, the application of these methods 
to the investigation of slopes of tangents to curves, of areas of 
surfaces bounded by curves, volumes of solids bounded by 
curved surfaces and to velocity and acceleration. 


The main branches of elementary carcurus are differential 
and integral calculus. 


caldera \kal-'der-ə\ n. 
EARTH SCIENCE. A roughly-circular, usually steep-sided volcanic 
crater or basin having a width at least three times as great as 
its depth. 
Crater Lake in Oregon is a CALDERA containing an extinct vol- 
cano that now stands as a small island, 


calibration \,kal-o-'bra-shon\ n. 
MATHEMATICS, The graduated scale or markings on various 
measuring instrument. 


The CALIBRATION on a gauge may indicate pounds of pressure. 


caliper \'kal-a-por\ n. 
MATHEMATICS, A small hand tool having two movable legs that 
are joined, or one fixed and one movable jaw, as in the vernier 
caliper. It is used in measuring the distance between two ob- 
jects, or in the diameter, thickness or length of an object. 


A micrometer cauiven, using the principle of a screw moving 
in a fixed nut, permits measurements to 1 /10,000 of an inch. 


callus \'kal-as\ n. 
1. puystovocy. A whitish, hardened layer of tissue on the sur- 
face of the skin. 2. menice. Tissue that is formed about the 
fragments of a broken bone. 3, BOTANY. Plugs of carbohydrate 
material that close the sieve plates of sieve tubes; also, a mass 


of soft parenchymatous tissue that forms over the wounded 
or cut surface of a stem or root. 


Friction and pressure on the epidermis may stimulate cell divi- 
sion to produce a cartus more than 100 cells thick, 
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cambium 


caloric \ka-'lor-ik\ adj. 
BIOLOGY, CHEMISTRY and PHYSICS. Associated with or having to 
do with heat. 


A knowledge of the cavonic value in food is necessary in plan- 
ning diets. 


calorie \'kal-(a)ré\ n. 
1. CHEMISTRY. A unit of heat energy equal to the amount of 
heat that will raise the temperature of one gram of water one 
degree C.; abbr. cal. 2. pHysioLocy. The amount of heat neces- 
sary to raise the temperature of 1,000 grams ( kilogram) of 
water one degree C. (the kilocalorie), used in measuring the 
heat value in foods; abbr. Cal. or kcal. 


The cavoris is the unit used when temperature is measured on 
the Centigrade scale, while the British thermal unit is used 
when temperature is measured on the Fahrenheit scale. 


calorimeter \,kal-a-'rim-at-or\ n. 
cuemustry and prysics. A device for measuring the heat pro- 
duced or absorbed in various chemical or physical reactions. 


if MAONO OE urea conten A catonmerer can be used in the process of measuring the 
ee 
LOWER CAMBER calyx \'kā-liks\ n. 
CAMBER Borany. A term used to refer to all the sepals of a flower as a 
unit; see sepal. 


The catyx surrounds the inner parts of a flower in the bud stage. 


camber \'kam-bar\ n. 
AERONAUTICS and ENGINEERING, A convex curvature of the sur- 


face of such aircraft parts as the wing or rudder, or of a bridge 
structure; also, the placement of the front wheels of an auto- 
mobile so that they are closer together at the bottom than at 


the top. 


The camuen of an aircraft wing can be expressed through 
mathematical relationships between the surface and the chord 


of the airfoil. 


cambium \'kam-bé-om\ n. 
porany. A layer of cells in the stem and roots of woody plants. 
New cells formed on its inside add xylem, and new cells formed 


on its outside add phloem. 


Because of the manner in which new cells are in the 
camatuM, the circumference of a stem increases, while there 


is little or no increase in the length of a stem segment. 
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camphor \'kam(p)-far\ n. 
CHEMISTRY. C;oH,9O. A gumlike compound that is a saturated 
hydrocarbon of ketone type, obtained from the wood and bark 
of the camphor tree. 


campuHor is used principally in making photographic films and 
medicines. 


canali \kə-'nä-lē\ n. 
ASTRONOMY. The name given the canals on Mars by the Italian 
astronomer, Giovanni Schiaparelli, in 1877. 


Percival Lowell, a famous American astronomer, devoted much 
of his life’s work to the study of canaui and other surface mark- 
ings on Mars. 


candlepower \'kan-d*I-,pau(-9)r\ n. 
puysics. A standard unit of measurement for the intensity of 
light; the light from a standard candle used as a basis for meas- 
uring the intensity or brightness of other light sources. 


An ordinary 60-watt electric lamp is about 50 cANDLEPOWER. 


canine \'ka-nin\ adj. 
ANATOMY and zoo.ocy. Referring to the pair of pointed teeth 
found in both the upper and lower jaws between the incisors 
and the bicuspids. 


Carnivorous animals use the canine teeth to tear and shred 
meat. 


canyon \'kan-yon\ n. 
EARTH SCIENCE. A deep gorge or ravine with steep walls formed 
by the down-cutting of running water; also, a steep-sided, un- 
derwater valley. 


A canyon differs from a valley in having sides that are perpen- 
dicular, or nearly so, and in being long relative to its width. 


capacitance \ko-'pas-at-an(t)s\ n. 
puysics. The ability of a capacitor, or condenser, to store an 
electrical charge, expressed as the ratio of a stored charge on 
one conductor or plate of a capacitor to the potential between 
the plates. 


A conductor able to store a great amount of electric charge has 
a very high CAPACITANCE, 


capacitive reactance \ko-'pas-o-tiy ré-'ak-tan(t)s\ 
puysics. The impedance, sometimes called the apparent resist- 
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ance, of an alternating current circuit caused by the presence 
of a capacitor in the circuit. 


CAPACITIVE REACTANCE in an alternating current circuit causes 
the current to lead the voltage. 


capacitor \ko-'pas-at-ar\ n. 
puysics. An electrical device consisting of two conductors, gen- 
erally parallel metal plates, separated by an insulator. Either 
plate is able to store an electrical charge, while the opposite 
charge is induced on the other plate. 


The capacitance of a capacitor is commonly measured in units 
of microfarads. 


cape \'kap\ n. 
EARTH SCIENCE, A portion of land protruding into a large body 
of water; a headland, point or promontory. 


Because it is a large area of land, a cave is a prominent feature 
that interrupts the regularity of a coastline. 


capillarity \,kap-o-'lar-ot-@\ n. 

1. prysics. The rising of a liquid in a small tube or capillary, 
caused by the adhesive force between the liquid and the wall 
of the tube, the adhesive force being greater than the cohesive 
force among the particles of the liquid; also, the falling of a 
liquid in a capillary, caused by a cohesive force that is greater 
than the adhesive force. 2. EARTH science. The movement of 
water through fine spaces in soil or rock. 


capmuarity takes place when water enters a space with a 
hair-like diameter, such as the spaces within glass tubes, wicks, 
blotting paper or cracks in soil and rocks. 


capillary \'kap-ə-,ler-ē\ n. 
1. anatomy. Any one of the tiny blood vessels connecting the 
arterioles to the venules, forming a network throughout most 
of the body. 2. A tube with a very small bore. 


The thin walls of a cavitary allow an interchange of materials 
between the bloodstream and the surrounding cells. 


capsule \'kap-sal\ n. 

1. BOTANY. A closed structure containing seeds, 2. ANATOMY. 
A tissue or sac composed of membranes surrounding an organ 
or other part of the body. 3. astronautics. A compartment at- 
tached to a propelling device, such as a rocket, and designed 
to hold men, animals or instruments. 4. MEDICINE. A small, 
soluble gelatin container used to enclose medicine to be taken 
internally. 

The carsuLe of a cotton or milkweed plant bursts when it is 


ripe. 
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carapace 


carapace \'kar-a-,pas\ n. 
ZOOLOGY. A chitinous or bony shield covering all the back or 
part of the back of certain animals, 


The upper shell of a turtle is a carapace, 


carat \'kar-at\ 
(N.). A unit of weight for gems and precious metals, standard- 
ized at 200 milligrams. (Adj.). Referring to the proportion of 
gold present in an alloy, each unit being 1⁄4, part of the alloy. 


In expressing the weight of pearls, the carat is divided into 
four grains, called carat grains, 


carbide \'kiir-,bid\ n. 
CHEMISTRY. A compound of carbon and another element. 


Calcium carswe, CaC,, reacts with water to produce acetylene, 
C,H, and calcium hydroxide, Ca(OH De. 


carbohydrate \,kiir-b6-'hi-,drat\ n. 
1. cuemistry. A compound composed of the elements carbon, 
hydrogen and oxygen. 2. nroocy. A class of foods. 


Sugar is a CARBOHYDRATE that is soluble in water. 


carbolic acid \kir-'biil-ik 'as-od\ 
CHEMISTRY, Popular term for phenol. See phenol. 


carbon \'kir-bon\ n. 
CHEMISTRY and EARTH SCIENCE, A nonmetallic element that oc- 
curs naturally, as in diamonds or graphite, or is produced by 
incomplete combustion, as in lampblack; a component of all 
organic compounds, Symbol, C; atomic number, 6; atomic 
weight, 12.01, 


CARBON varies in hardness, depending upon its form. 


carbonate \'kiir-ba-,nat\ n. 
CHEMISTRY. A salt or ester of carbonic acid; the anion CO,--, 


A base reacts with carbonic acid, H,CO,, to form a CARBONATE. 


carbon cycle \'kiir-ban 'si-kol\ 
l. astronomy and pnysics, A chain of thermonuclear fusion 
reactions in which C! acts as a catalyst. Four hydrogen atoms 
are converted into one helium atom and large amounts of en- 
ergy are released. 2. Biorocy. The cycle that involves atmos- 
pheric carbon dioxide, CO., and water in the photosynthesis 
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of carbohydrates by plants, The carbon dioxide is later released 
by both plants and animals during respiration and by decaying 
organic matter. 


The carson cycte, as proposed by the American physicist, 
Hans Bethe, partially explains the tremendous amounts of 
energy radiated by stars. 


carbon dating \'kir-bon 'dāt-iņ\ 
CHEMISTRY, EARTH SCIENCE and prysics. A method of estimating 
the age of historical objects by computing the rate of their nu- 
clear disintegration based on the amount of radioactive carbon, 
C4, they contain. 
CARBON DATING depends on the fact that once an object is bur- 
ied, it is removed from the carbon cycle in nature. 


carbon dioxide \'kär-bən (')di-'iik-,sid\ 
1, cuemistry. COs. A gas produced when carbon combines 
with oxygen. It has no characteristic color or odor and does 
not support combustion. 2. sroLocy. A product of the oxida- 
tion of organic materials, as in respiration and decay. 


CARBON DIOXIDE in solid form is used as a refrigerant known as 
dry ice. 


carbon dioxide-oxygen cycle \'kär-bən (')di-'ak- sid 

'äk-si-jən 'si-kal\ 
proLocy. An endless natural process of exchange: Carbon di- 
oxide is used by green plants during photosynthesis and re- 
leased during plant and animal respiration, and during the de- 
cay and oxidation of organic materials. Oxygen is used during 
animal and plant respiration, and during the decay and oxi- 
dation of organic materials, and is released during photo- 
synthesis. 
By use of radioactive or “tagged” atoms, scientists have been 
able to investigate many aspects of the CARBON DIOXIDE-OXYGEN 
CYCLE. 


carbon 14 \'kiir-bon\ 
CHEMISTRY, EARTH SCIENCE and PHYSICS. A radioactive isotope of 
carbon that has an atomic weight of 14 instead of 12 and a 
known rate of disintegration (a half-life of approximately 
5,568 years); see carbon dating. 


CARBON 14 is continuously formed in the atmosphere by the 
bombardment of nitrogen atoms by neutrons produced by 
cosmic rays from outer space. 


carboniferous \,kiir-bo-'nif-(a-)ras\ adj. 
EARTH SCIENCE. Referring to the Carboniferous Period of the 
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carbon monoxide 


Paleozoic Era or to the rocks formed during that period; also, 
referring to something that includes or produces carbon. 


Coal is a caRnsoNirEROUs deposit. 


carbon monoxide \'kar-bon mo-'niik-,sid\ 
cHemistRY. CO. A compound of carbon and oxygen that is 
colorless, odorless and highly poisonous. 


CARBON MONOXIDE is generally produced in the absence of 
enough oxygen to oxidize the burning carbon completely. 


carbon tetrachloride \'kär-bən ,te-tra-'kl6(a)r-,1d\ 
.CHEMISTRY. CCl, A colorless, strong-smelling, nonflammable 
compound of carbon and chlorine that is liquid at ordinary 
temperatures and easily evaporated. 


Because CARBON TETRACHLORIDE is a good solvent, it is com- 
monly used in dry cleaning, but must be handled with care 
because it is quite toxic. 


carcinogen \kiir-'sin-a-jan\ n. 
PHYSIOLOGY. Any substance that can produce cancer. 
The Food and Drug Administration of the United States in- 


spects foods and drugs to make sure they do not contain a 
CARCINOGEN. 


cardiac muscle \'kard-é-,ak '‘mos-al\ 
ANATOMY and zooLocy, The main muscle tissue of the heart of 
both vertebrate and invertebrate animals. 


CARDIAC MUSCLE is characterized by rhythmic contractions, 


cardinal number \'kird-nal 'nəm-bər\ 
MATHEMATICS, A number used to indicate how many objects 
are found in a set, as opposed to a number used to show the 
order of objects in a set; see ordinal number. 


The CARDINAL NuMBER of the set of even numbers between 5 
and 25 is 10. 


cardinal points of the compass \'kard-nal 'pôints əv tho 
'kəm-pəs\ 
The four main points of the compass: north, south, east and 
west. 


A mariners compass has seven points between each of the 
CARDINAL POINTS OF THE COMPASS. 
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cardiogram \'kard-é-o-,gram\ n. 
MEDICINE., A graphic tracing of the heart's action, made by 
means of a cardiograph. 
A physician uses a CARDIOGRAM as an aid in diagnosing heart 
ailments. 


cardiograph \'kärd-ē-ə-,graf\ n. 
MEDICINE. An instrument used to make a cardiogram, a graphic 
tracing of the heart's action. 
Acanpiocraru includes electrodes that detect the electrical im- 
pulses of the heart and an instrument to record those impulses. 


carnivore \'kir-na-,vo(a)r\ n. 
1. zoovocy. An animal that eats flesh. 2. norany. Plants, such 
as the Venus flytrap, that absorb animal substances as food. 


A lion is a CARNIVORE. 


carotene \'kar-a-,tén\ n. 
BIOLOGY. C4oHse. A yellow or orange compound found in certain 
plants. When carotene is consumed, vitamin A is produced 
from it in the liver. 
The yellow pigments of CAROTENE and xanthophyll are evident 
in the coloration of many autumn leaves. 


carotid artery \ko-'riit-ad 'ärt-ə-rē\ 
anatomy. One of two major blood vessels (left or right) in 
the neck, Both carry blood from the aorta to the head and 


brain. 
The canor artery has two main divisions: internal and ex- 
ternal. 


carpel \'kir-pal\ n. 
porany. A modified floral leaf that, alone or with others, forms 


a pistil. 
The carrer of the sweet pea develops into the pod. 


carpus \'kir-pas\ n. 
anatomy. The wrist; the series of bones arranged in two ir- 


regular rows of four each. 
In the human wrist, the carpus is connected to the forearm by 
a disk of fiberlike cartilage. 


carrier 


carrier \'kar-é-ar\ n. 
MEDICINE. A person or animal who shows no symptoms of a 
disease, but who carries within his body disease germs that may 
infect others, 


An epidemic of typhoid fever sometimes can be traced to an 
active CARRIER of that disease. 


carrier wave \'kar-é-or 'wav\ 
ENGINEERING. The unmodulated electromagnetic wave used at 
a particular frequency by a radio or television transmitting 
station, 


A CARRIER WAVE must be modulated to transmit sound. 


Cartesian coordinate system \kar-'té-zhon kd6-'ord-nat 

'sis-tom\ 
MATHEMATICS, A graphical device by which coordinates, in- 
dicated by pairs of numbers, are used to locate points in a plane 
relative to two intersecting straight lines called the axes (x-axis 
and y-axis) of the system. The system may be extended to lo- 
cate points in a three-dimensional space by using a third axis 
(z-axis) that intersects the other two axes in a common point. 
An ordered triple, or set of three numbers, is used to locate a 
point in a three-dimensional space. 


If the axes of a CARTESIAN COORDINATE SYSTEM are perpendicu- 
lar to each other, the system is called a rectangular coordinate 
system. 


cartilage \'kirt-*l-ij\ n. 
ANATOMY and zootocy. The gristle or the white, elastic con- 
nective tissue that joins the bones; also, the tissue that makes 
up the skeletons of embryos and young animals and that de- 
velops later into bones. 


The external ear contains some CARTILAGE. 


casein \ka-'sén\ n. 
CHEMISTRY. A protein obtained from fresh skim milk and com- 
bined with formaldehyde to produce plastics. 


Plastics made from casem have moderate strength but are 
damaged by moisture and heat. 


Cassegrainian reflector \,kas-o-'gran-é-an ri-'flek-tor\ 
astronomy. A reflecting telescope in which light is reflected 
from a concave primary mirror to a convex secondary mirror 
located at the opposite end of the barrel, and then back through 


Finding P when x = 3,y = 4 


CARTILAGE 


CASSEGRAINIAN 
REFLECTOR 


EYEPIECE 


catalysis 


a hole in the center of the primary mirror to an eyepiece or 
camera. 

The CASSEGRAINIAN REFLECTOR has the advantages of being rel- 
atively compact and of allowing the observer to work at the 
lower end of the telescope. 


Cassini’s division \ko-'sé-nez do-'vizh-an\ 
ASTRONOMY. The gap, or dark space, between the two outer 
rings of the planet Saturn. 


Astronomers estimate that cassnts Division is about 3,000 miles 


5 wide. 
; ? cassiterite \kə-'sit-ə-,rīt\ n. 
CASSINI'S EARTH SCIENCE. SnO». A mineral, tin dioxide, usually brown or 
oll DIVISION black, with hardness, 6-7 and specific gravity, 6.8-7.1. It is the 


principal ore of tin and is sometimes loosely called tin. 


There are no deposits of cassrrertrE in the United States large 
enough to mine commercially. 


cast \'kast\ n. 
EARTH SCIENCE, A type of fossil in which a mineral has filled the 
cavity, or mold, formed by the decay or solution of a solid plant 
or animal part; also, an artificial replica of a fossil or other 
object made from a mold. 


A casr reproduces only the shape of the original object. 


catabolism \ko-'tab-a-,liz-am\ n. 
BloLocy and pxysioLocy. Any process in which living cells con- 
vert complex substances into more simple compounds; destruc- 
tive metabolism. 


Carbon dioxide is a product of catasotism in plants and 
animals. 


catadromous \ko-'tad-re-mas\ adj. 
zootocy. Referring to a freshwater organism that spawns in 
salt water. 


Eels are among the better-known catapromous fishes. 


catalysis \ko-'tal-a-sas\ n. 
CHEMISTRY. A means of speeding up or slowing down a chemi- 
cal reaction by adding an element or compound that, although 
it remains unchanged, reduces the energy needed for the 
reaction to proceed (positive catalysis) or increases the energy 
needed for the reaction to proceed (negative catalysis). 


In one laboratory method for the preparation of oxygen, man- 
ganese dioxide (MnO;) permits positive catatysis of heated 
potassium chlorate (KCIOs). 
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catalyst \'kat-l-ost\ n. 
cuesasmy. A substance that either speeds or slows a chemical 


action but does not itself undergo a permanent chemical 
change; a catalytic agent. 
Some paint products contain a catauysr that speeds drying. 


catastrophism \ko-'tas-tro-,fiz-om\ n. 
EARTH SCIENCE. The hypothesis that changes in the earth's crust 
were caused by sudden, violent geologic disturbances that also 
destroyed the earth's plant and animal life. Based on the evi- 
dence of widely-differing fossils found in successive beds of 
rock, the belief was most prevalent in the fifteenth, sixteenth 
and seventeenth centuries. 


CATASTHOPHUSM assumes destruction of existing life forms by a 


catastrophe and replacement of them by different forms. 


cathode \'kath-,Od\ n. 
1. cuemusrny and pitysics, The negative terminal of an electro- 
plating cell; therefore, the electrode at which electrons are 
taken on by an clement or ion and at which reduction occurs; 
also, the positive terminal of a battery as the battery is dis- 
charged, 2, encrvexninc, The electrode that gives off electrons 
in an electron tube, such as a radio tube, 


The camione is the electron-poor electrode in a storage battery. 
cathode rays \'kath-,od_ ‘riz\ 

miysics. A flow of electrons driven at high speed from the 

heated cathode of a vacuum tube by its high negative voltage, 


caTnove nays can be deflected if a magnet is so placed that 
the rays pass through the magnetic field, 

cation \'kat--on\ n. 
cumsusmy and physics. An ion having a positive electric 
charge; the ion that moves toward the cathode in an electro- 
lytic solution used in electrolysis. 
In a hydrochloric acid solution, the hydrogen ion is the cation. 


caudal \'kod-"l\ adj. 
ANATOMY and ZOOLOGY. Referring to a tail, 


The cavoat. fin of a fish is its principal organ of locomotion. 


caustic \'kó-stik\ n. 
1. mesismy. Any corrosive substance, but especiall sodi 
and potassium hydroxides, 2. MEDICINE. A ‘ubeesncd that de. 
stroys living tissue, 
Silver nitrate is known as a caustic because it is a stron 
oxidizing agent. 8 
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ce, 
An abbreviation for cubic centimeter, See cubic centimeter. 


cecum \'sé-kom\ n. 
ANATOMY and zooLocy. A pouchlike cavity having only one 
opening, as, in man, the beginning of the large intestine. 


In man, the small and large intestine and the vermiform ap- 
pendix open into the cecum, an intestinal pouch, 


ceiling \'sé-lin\ n. 
1, EARTH SCIENCE. The height of the base of a cloud layer when 
more than half of the sky is overcast, 2. aeronautics. The great- 
est altitude at which a given airplane can fly in horizontal flight. 


A thin or transparent cloud cover is not considered a CEILING, 


celestial equator \so-'les(h)-chol i-'kwat-or\ 
ASTRONOMY. The imaginary circle on the celestial sphere that 
lies in the same plane as the earth’s equator and is located 
halfway between the celestial poles. 


Astronomers use the CELESTIAL EQUATOR as a reference line in 
describing the position of celestial objects. 


celestial mechanics \so-'les(h)-chol mi-'kan-iks\ 
ASTRONOMY. The branch of astronomy that uses the principles 
of theoretical mechanics to deal with the motion of celestial 
bodies as they are affected by the forces of gravitation, 


By the use of CELESTIAL MECHANICS, the position of the planets 
can be predicted with accuracy. 


celestial pole \so-'les(h)-chol 'pdl\ 
ASTRONOMY.. Either of the two points on the celestial sphere 
that are imaginary extensions of the earth's axis. 


The celestial meridian is an imaginary great circle that passes 
through both the north and the south ceesria, rore and 
through the observer's zenith. 


celestial sphere \so-'les(h)-chol 'sfi(o)r\ 
astronomy. An imaginary sphere extending outward from the 
earth for an infinite distance and on whose surface the objects 
in space appear to be located. It is divided by imaginary lines 
so that celestial bodies can be located at particular points 
on it. 


Because of the daily rotation of the earth, the CELESTIAL SPHERE 
appears to turn, 
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cell 


cell \'sel\ n. 

1. siotocy. In living tissue, the smallest structural and func- 
tional unit (characterized by a nucleus and cytoplasm); also, 
a walled cavity in the nonliving tissues of plants. 2. pxysics. 
A container or compartment in which electrodes in an electro- 
lytic solution generate electricity, as in a car battery. 3. CHEM- 
istry. A container with electrodes in an electrolytic solution, 
used in electroplating metals. One electrode (negative) is the 
object to be plated, and the electrolytic solution contains ions 
of that metal. 


The size of a single ceu may range from that of a bacterium 
to that of an unfertilized ostrich egg. 


cell differentiation \'sel ,dif-a-,ren-ché-'a-shan\ 
BioLocy, The process by which embryonic cells change in re- 
spect to the structure and function they serve. 


CELL DIFFERENTIATION takes place in the developing embryo 
as similar cells of the dividing zygote develop into the dis- 
similar cells of blood, skin, nerves, bone and muscle. 


cell division \'sel do-'vizh-an\ 
BIOLOGY. The process by which single-celled plants and ani- 
mals reproduce; also, the process by which new cells are 
formed in multicellular animals; see mitosis and meiosis. 


The steps in CELL pivision are often classified under five head- 
ings: interphase, prophase, metaphase, anaphase and telephase. 


cell membrane \'sel 'mem-,bran\ 
BIOLOGY. The thin, living tissue that surrounds the materials 
of a cell, 


Substances that enter and leave a cell must pass through the 
CELL MEMBRANE, 


cell sap \'sel 'sap\ 
BOTANY. A liquid that fills the vacuoles in plant cells and is 
composed of water in which substances are dissolved or col- 
loidally dispersed. 


CELL SAP is a nonliving part of a plant cell. 


cellulose \'sel-ya-,l6s\ n. 
BIOLOGY and CHEMISTRY. (CyH19Os)x. A carbohydrate that is 
the chief part of the cell walls of plants. 


Man’s digestive system cannot digest CELLULOSE. 
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cell wall \'sel wol\ 
1. Borany. The outer, nonliving wall that surrounds plant cells, 
composed mainly of cellulose. 2. zooocy. A wall, composed 
of nonliving material, that surrounds cells in bone and cartilage 
but is not found in most other animal tissue. 


The ceLL warr in such soft plant parts as leaves and petals is 
thin and easily crushed, but in wood cells it is very thick, 


Celsius temperature scale \'sel-sé-as 'tem-por-,chu(a)r 'skal\ 
Another name for Centigrade temperature scale. See Centi- 
grade temperature scale. 


cement \si-'ment\ n. 
1. anatomy. The hard outer crust of the root of a tooth; cemen- 
tum. 2. CHEMISTRY. A mixture of such complex silicates as 
aluminum, iron and magnesium. When mixed with water and 
aggregates, the mixture hardens, forming a durable building 
material. 


5 


Enamel covers the dentine in the crown of a tooth, while 
CEMENT covers the dentine in the root, 


center \'sent-ar\ n. 
l. MATHEMATICS. The point about which a curve, particularly 
a conic section, is symmetrical; also, the point within a circle 
or sphere that is equidistant from all points on the circle or 
sphere. 2. puystotocy. A collection of nerve cells that control 
a common function, such as breathing or heartbeat. 


The perpendicular bisector of a chord of a circle passes through 
the center of the circle. 


center of curvature \'sent-ar əv ‘kor-va-,chi(a)r\ 
MATHEMATICS. The center of a circle tangent to the curve, the 
curvature being considered equal on both sides at the point of 
tangency; also called circle of curvature. 


CENTER OF CURVATURE is commonly used to denote a point within 
a circle or elipse. 


center of gravity \'sent-ar av 'grav-at-é\ 
puysics, That point in an object about which the mass (or 
weight) is evenly distributed in all directions. 


A racing car is designed with a low CENTER oF Gravity to re- 
sist tipping on curves. 
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center of mass \'sent-or ov 'mas\ 
ASTRONAUTICS and PHYSICS, That point in an object about which 
matter is evenly distributed, It is the mean position within the 
object. 


If a body is composed of a homogenous material, its CENTER OF 
mass will coincide with its center of gravity. 


Centigrade temperature scale \'sent-o-, grid 'tem-por-,chu(a)r 
'skāl\ 
CHEMISTRY and PHYSICS. A temperature scale using the melting 
point of ice at sea level as 0° and the boiling point of water 
at sea level as 100°; abbreviation for a given point on the 
scale is C. 


The CENTIGRADE TEMPERATURE SCALE is known also as the Cel- 
sius temperature scale. 


centimeter \'sent-o-,mét-or\ n. 
MATHEMATICS. A unit of length in the metric system equal to 
0.01 meter or 0,3937 inch. 


A CENTIMETER is equal to approximately % of an inch. 


centimeter-gram-second system \'sent-9-,mét-ar ‘gram 'sek- 
and 'sis-tam\ 
PHYSICS. A system of measurement based on the fundamental 
units of distance (centimeter), mass (gram) and time (sec- 
ond); abbr. cgs. 


A dyne is a unit of force in the CeNTIMETER-GRAM-SECOND SYS- 
TEM and is equal to the force required to accelerate a mass of 
one gram one centimeter per second. 


central cylinder \'sen-tral 'sil-on-dor\ 
BOTANY. The central core, or stele, of the root of a plant; com- 
posed mainly of xylem and phloem tissue. 


Water and dissolved minerals move upward through the œx- 
TRAL CYLINDER of a plant to the stem and leaves. 


central nervous system \'sen-tral ‘narv-as 'sis-tam\ 
Anatomy. That part of the nervous system that receives sen- 
Sory impulses and sends out motor impulses. 


In vertebrates, the CENTRAL NERVOUS SYSTEM is composed of 
the spinal cord and the brain. 
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centrifugal force \sen-'trif-yo-gol 'fö(ə)rs\ 
puysics. The force exerted outward from the center of rotation 
on a body moving in a curved path. 
The CENTRIFUGAL FORCE resulting from the revolution of the 
earth around the sun is balanced by the gravitational force be- 
tween the two bodies. 


centrifuge \'sen-tra-,fyiij\ n. 
A machine having a rotating container in which centrifugal 
force separates substances of different densities. 


Cream can be separated from milk in a CENTRIFUGE. 


centripetal force \sen-'trip-at-*1 'f6(0)rs\ 
puysics, The inward force acting on a body moving in a curve 
or circle. The force is directed toward the center of the curve 
or circle and keeps the body in a circular path, It is the oppo- 
site of centrifugal force. 


The gravitational pull of the earth is the CENTRIPETAL FORCE 
on an orbiting satellite. 


centrosphere \'sen-tra-,sfi(a)r\ n. 
EARTH SCIENCE. The dense core of the earth that comprises most 
of the earth's mass. 


The centnosruene has a radius of about 2,100 miles. 


cephalic \so-'fal-ik\ adj. 
ANATOMY and zooLocy. Pertaining to the head. 


The cerna.ic structure of the ape is similar to man’s. 


cephalothorax \,sef-a-l6-'thd(a)r-,aks\ n. 
zooLocY. The region of the combined head and thorax in spid- 
ers and certain crustaceans, 
The cernavornonax of the crayfish is covered by a hard shell 
or covering known as a carapace. 


cepheid \'sé-fé-ad\ n. 
ASTRONOMY. One of a class of stars that pulsates and whose 
variations of brightness occur regularly. 
By comparing the period of variation and the brightness of a 
EpHED, astronomers have been better able to estimate dis- 
tances in space. 


cervical \'sar-vi-kal\ adj. 
ANATOMY. Pertaining to the neck. 


In man, there are seven cenvicat vertebrae. 
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cerebellum \,ser-o-'bel-om\ n. 
ANATOMY and zootocy, A section of the brain that functions 
as the coordinating center for muscular movement and that 
is located behind and below the cerebrum, 


The surface of the cenewetum consists of gray matter and the 
interior consists of white matter. 


Cerebrum 


cerebral cortex \sa-'ré-bral ‘kor-,teks\ CEREBELLUM 


ANATOMY. The outer layer of gray matter, composed of nerve 
cell bodies, that covers the cerebrum. 


The activities of the cenennat contex can be detected as elec- 
trical impulses. 


cerebral hemisphere \so-'ré-bral ‘hem-o-,sfi(a)r\ 
anatomy, Either the left or right half of the cerebrum. 


Both the left cenewnat nesusrurne and the right develop from 
the forebrain, CEREBRUM 
RIGHT 
cerebrospinal fluid \so-,ré-brd-'spin-"l 'fü-əd\ Watceilba ley 
Pitysiovocy and zooLocy. A watery, alkaline fluid that circu- K 
lates beneath the covering, or meninges, of the brain and spinal 
cord. It is extracted from the blood through special structures 
in the brain and is reabsorbed into the blood through special 
structures along the central nervous system. 


LEFT 
HEMISPHERE 


heresy perpen pred D na apa PANTO 
nervous system \sa-rč-brö-'spīn-"l _'nər-vəs in ion 


‘sis-tom\ 
ANATOMY and zoovocy. The portion of the nervous system of 
vertebrates that involves nerves of the brain and spinal cord, 


CERIUM 
The CexeanosrINAL Nenvous system is another term for the cen- (Atom) 


tral nercous system. 


cerebrum \sa-'ré-bram\ n. 
ANATOMY. In man, the main part of the brain, occupying the 
upper part of the cranium and consisting of two equal hemi- 


NUCLEUS 


Experimental evidence indicates that man’s cenesnus controls 


2 ELECTRONS IN P-SHELL 
conscious and voluntary processes. 
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cerium \'sir-é-am\ n. B ELECTRONS IN L-SHELL 
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CHEMISTRY. A gray, metallic chemical element of the rare- 
2 ELECTRONS IN K-SHELL 
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CHALCEDONY 
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chalk 


earth group. Symbol, Ce; atomic number, 58; atomic weight, 
140.12. 


An alloy of centrum and iron gives off sparks when struck with 
steel and is used to ignite the oxyacetylene gas in welding 
torches. 


cgs 


An abbreviation for centimeter-gram-second, See centimeter- 
gram-second system. 


chain \'chãn\ n. 


1. cuemusrry. A series of atoms, alike or unlike, connected by 
bonds. Chain generally refers to such a series of atoms in a 
compound as a carbon or a carbon-nitrogen series, but it also 
includes series of atoms in an element. 2. ENGINEERING. In sur- 
veying, a unit of measure equal to 66 feet; also, the surveying 
instrument that consists of 100 links, each link equal to 7.92 
inches. 


A cuain of atoms in a carbon compound may be straight, as 
in normal butane, branched, as in isobutane, or closed, as in 
benzene, 


chain reaction \'chān ré-'ak-shon\ 


cuemasrny and prysics, A continuing chemical process in 
which the energy released by one process promotes one or 
more other processes; also, a disintegrative process within the 
nuclei of atoms in which enough neutrons are released by fis- 
sion to produce fission in nearby atoms until all fissionable 
atoms within range have been disintegrated. 


Energy is released in a CHAIN neacnon either by ordinary 
chemical processes or from the nuclei of disintegrating atoms. 


chalcedony \kal-'sed-°n-€\ n. 


EARTH SCIENCE, A translucent form of quartz deposited from 
aqueous solutions, It is usually brown to gray in color with a 
waxy luster and is frequently found in rock cavities as a lining, 
or completely filling the cavity. 


Agate and onyx consist of layered cuavcevony with parallel 
bands of different colors. 


chalk \'chok\ n. 


EARTH SCIENCE, A very soft form of limestone, white or gray- 
white in color and containing minute shells of calcium carbon- 
ate surrounded by very small calcite crystals. 


CHALK is used as a fertilizer and as a whitewash ingredient, in 
addition to its use in making the crayon used on chalkboards. 
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chance 


chance \'chan(t)s\ n. 
MATHEMATICS. The probability that a particular event will oc- 
cur; a ratio between the number of ways an event may occur 
and the number of ways all related events may occur. 


If a bag contains two marbles, one black and one red, then the 
cuance of drawing the red marble without looking is one out 
of two. 


change of state \'chanj əv 'stāt\ 
puysics. The transition of a substance from one form to another 
resulting in a specific alteration of its physical properties. 


The conversion of water to ice is d CHANGE OF STATE. 


characteristic \,kar(-i)k-to-'ris-tik\ n. 
MATHEMATICS. The whole number or integer written to the 
left of the decimal point in a logarithm; the integral part of the 
logarithm. 


In the logarithm 3.623 the CHARACTERISTIC is 3. 


characteristics \,kar(-i)k-to-'ris-tiks\ n. 
BIOLOGY. In animals and plants, traits transmitted by heredity 
and modified by environment; such attributes as behavior, size, 
shape or hair color, by which an individual or a group can be 
recognized. 
Two dominant cuaracterisrics of the dogs called pointers are 
their keen senses of smell and vision. 


charcoal \'chir-,k6l\ n. 
CHEMISTRY. An impure, porous form of carbon, characteristically 
black and brittle, that is produced when wood is heated in the 
absence of air. 


CHARCOAL is used as a reducing agent to remove the oxygen 
from metallic oxides and free the metal. 


charge \'charj\ 
CHEMISTRY and PHYSICS. (V.) To convert electrical energy to 
chemical energy in a storage cell or battery so that the battery 
can be used as a source of electricity; also, to produce an ex- 
cess of positive or negative electricity on an object by rubbing 
the object with another object. (N.) The quantity of electricity 
present on an object or in a region. 


Direct current is used to cuarce a storage battery and is then 
drawn from the battery for various uses. 
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Charles’s law \'chärl-zəz 'lo\ 
cuemistry and puysics. A law stating that the volume of gas 
varies directly with the Kelvin temperature (Centigrade tem- 
perature plus 273), as long as the pressure remains constant. 


cHarLEs’s Law is valid only for ideal or perfect gases because 
real gases depart from it somewhat. 


cheek pouch \'chék 'paùch\ 
zoo.ocy. A sac contained within the cheek of some animals and 
used for storing food. 


A squirrel carries nuts in its CHEEK POUCH. 


chemical \'kem-i-kal\ n. 
CHEMISTRY. An element or a compound of definite composition 
that can be represented by a symbol or a formula. 


A reagant, such as sulfuric acid, that is produced and used in 
large quantities, sometimes in a crude or somewhat impure 
form, is referred to as a “heavy” CHEMICAL. 


chemical action \'kem-i-kal 'ak-shon\ 
CHEMISTRY. A change in the chemical composition of a com- 
pound; a chemical reaction. 


Energy is either produced by or required for a CHEMICAL AC- 
TION. 


chemical affinity \'kem-i-kal 9-'fin-at-é\ 
CHEMISTRY. The chemical property that determines which re- 
action will occur in a system in which various reactions could 
occur. 


CHEMICAL AFFINITY is also called the intensity factor of chem- 
ical energy. 


chemical bond \'kem-i-kal 'biind\ 
CHEMISTRY. The force that holds atoms together, forming mole- 
cules of elements or compounds. 


A CHEMICAL BOND is generally the result of atoms sharing or 
transferring electrons. 


chemical change \'kem-i-kal 'chanj\ 
CHEMISTRY. A change in chemical properties and composition; 
also, a chemical action or a chemical reaction; also, the forma- 
tion of substances having chemical properties different from 
the substance or substances that entered into the chemical 
action. 


Carbon and oxygen undergo a CHEMICAL CHANGE when they 
combine to form carbon dioxide. 
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